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PREFACE TO THIRD EDITION 


The first edition of this book was published in 1913 under the 
title Overhead Electric Power Transmission/^ Its suitability 
as a college text had not been seriously considered; but, owing 
to its adoption in a large number of technical schools and colleges, 
certain changes and additions were made in the second edition 
with a view to enhancing its value as a college text without 
detracting from its usefulness in the field of practical engineer¬ 
ing. The additions included an entire chapter treating of 
underground power conductors which led to a change in the title 
of the book. 

In this third edition, the contents have not been appreciably 
altered, but the old matter has been rearranged and revised and, 
when additions have appeared desirable, it has generally been 
found possible to omit something of less importance in order 
that the size of the book might remain practically unchanged. 
The most important omissions are the sample specifications for 
pole and tower lines which appeared as appendices in the second 
edition. These have been eliminated in order to keep the size 
of the book within reasonable limits, and also to be consistent 
in treating only of the fundamental principles and scientific 
laws which determine the correct design of power lines, leaving 
the consideration of practical details of construction, main¬ 
tenance, operation, and similar subjects to the many excellent 
books now available which deal with these aspects of electrical 
power transmission. 

Systems of distribution, whether in town or country, are not 
touched upon—the subjects dealt with cover only straight long¬ 
distance overhead transmission. It is true that, when treating 
of lightning protection, it is the machinery in the station buildings 
rather than the line itself that the various devices referred to are 
intended to protect; and, when considering the most economical 
system of transmission under given circumstances, a thorough 
knowledge of the requirements and possibilities in the arrange¬ 
ment of generating and transforming stations is assumed; but 
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these engineering aspects of a complete scheme of power develop* 
ment are not included in the scope of this book. 

Alfred Still. 

Purdue University, 

LaFayette, Indiana, 

February, ^927. 
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CHAPTER I 

TRANSMISSION LINE PROBLEMS 

1. Advantages of Electrical Transmission of Energy. —When a 
metallic conckictor of resistance R ohms carries an electric current 
of 1 amp., the rate at which energy is dissipated in the form of 
heat is PR watts. For a given distance of transmission, this loss 
may be reduced by making R small, ix.^ by using a conductor of 
large cross-section; but this will obviously increase the weight 
and cost of the conductor, and a limit is soon reached where the 
increased cost of the line is of greater importance from the 
economic view point than the cost of the energy losses. If, on 
the other hand, the current I is reduced, the total amount of 
energy transmitted is also reduced unless the transmission voltage 
is raised to offset the reduction of current. 

Consider an electric generator developing W watts at a pressure 
of E volts and transmitting energy a distance of L miles through a 
transmission line of resistance R ohms per mile. Let / be the 
amperes of current in the line; then the line losses are P{RL) 
watts, and the^power delivered at the distant or receiving end is 
W — P{RL). ( Suppose, now, that the generator is replaced by 
another machine giving the same output of W watts, but at a 
pressure ten times as great; the current will then be the 

line losses yi^oP^RL). It, therefore, follows that the increased 
voltage of transmission makes it possible to transmit the same 
amount of energy with the same line losses one hundred times 
as far if the same size of conductor is used, or ten times as far if a 
conductor of one-tenth the original cross-section is used, the 
economical relation between current and size of conductor 
being a question to be discussed in a later chapter. The facts 
that it is possible to insulate transmission lines for very high 
voltages, and also that the a.c. transformer is an ideal device for 
raising and lowering the voltage at the sending and receiving ends 

1 
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of a transmission line, account for the use of electricity in prefer¬ 
ence to all other agencies for the long-distance transmission of 
energy. 

2. Reasons for Long-distance Transmission of Energy. —The 

sight of overhead electric power lines has become so common of 
late years that we are inclined to overlook the reasons for their 
presence. In the early days of electricity, small power stations 
were placed as close as possible to the centers of population and 
used mainly in connection with electric lighting. The a.c. 
transformer made it possible to utilize water power sites and 
transmit the energy of waterfalls to the centers of population; 
but the bigger developments in electric transmission originated 
with the introduction of the polyphase induction motor which 
greatly increased the demand for electric energy, not only for 
lighting purposes, but also for transformation into mechanical 
energy for manufacturing and other purposes. 

With the increase of voltages and the correspondingly reduced 
losses in the transmission line, the distance of transmission 
increased; new water power sites became available and, more¬ 
over, it soon became evident that the small coal-burning power 
station could not compete economically with the larger and more 
efficient power station erected where coal and water for condens¬ 
ing purposes were most easily obtained, and this notwithstanding 
the fact that the larger generating station has to reckon with the 
additional power losses in transmission and the cost of the neces¬ 
sary transmission lines. The large power station is available to 
supply the rural load due to the growing demand by outlying 
farms for light and mechanical power, and also to transmit large 
amounts of power over considerable distances for the electrifica¬ 
tion of railroads. 

Considerable advantages are to be gained by the interconnec¬ 
tion, through high-tension lines, of hydroelectric and steam- 
operated plants, and even of distant generating stations whether 
hydroelectric or coal burning. These advantages are due not 
only to the possibility of dividing the total load for the most 
economical operation of the machinery in the several stations, 
but also to the increased facilities for maintaining continuity of 
service even in the event of a portion of the transmission system 
being temporarily interrupted. \ 

From the successful operation since 1923 of the first 220,000- 
volt transmission line on the system of the Southern California 
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Edison Company, it is but a step to the so-called superpower net¬ 
work which, through interconnections between large power 
stations, may be expected, at no very distant date, to reach from 
the Pacific to the Atlantic coast. 

3. Outline of Subject. —Energy can be transmitted electrically 
by conductors placed either above or below ground. The cost 
of a system of underground insulated cables is always higher than 
that of an equivalent overhead transmission; but there are 
conditions, especially in Europe, under which overhead wires 
are not desirable or permissible, and the whole or a portion of the 
transmission line must then be placed underground. 

An overhead electric power transmission line, consisting as it 
does of wires stretched between insulators on poles or structures 
the main purpose of which is to maintain the conductors at a 
proper distance above the ground level, may appear at first sight 
to be a very simple piece of engineering work. It is indeed true 
that the erection of an overhead line of moderate length, capable 
of giving good service on a comparatively low-pressure system, 
does not present any insurmountable difficulties to a man of 
ordinary engineering ability; but whether or not such a line will 
be the best possible line for the particular duty required of it 
depends very much upon the knowledge, skill, and experience of 
the designer. By the best line should be understood a line 
which is not only substantially and lastingly constructed, but in 
connection with which economic considerations have not been 
overlooked. 

It is an easy matter to design a bridge of ample strength for the 
load it has to carry, or a transmission line with conductors of so 
large a size, insulators with so large a factor of safety, and sup¬ 
ports so closely spaced and so strong, that the electrical losses will 
be small and the risk of mechanical failure almost nil; but neither 
the bridge nor the transmission line will reflect credit on the 
designing engineer unless he has had before him constantly the 
commercial aspect of the work entrusted to him, and has so 
chosen or designed the various parts and combined these in the 
completed whole, that all economic requirements are as nearly 
as possible fulfilled. 

(efficiency of service, which includes reasonably good voltage 
regulation and freedom from interruptions, must necessarily be 
merged into the all-important question of cost.^ By duplicating 
an overhead transmission line and providing two separate pole 
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lineS; preferably on different and widely separated rights^ of 
insurance is provided against interruption.nof service over an 
extended period of time; but whether or not such duplicate lines 
shall be erected must be decided on purely economic grounds. 

lA knowledge of the Country through which ati Overhead trans¬ 
mission line is to be carried is essential to the proper design of 
the line and its supporting structures. Without a knowledge of 
^the natural obstacles to be reckoned with, including the direction 
and probable force of wind storms/ and whether or not these 
may occur at times when the wires are coated with ice^ lyhe nature 
of the supports and the economical length of ispan cannot prop¬ 
erly be determined. ^ On the Pacific coast, where there k rarely, 
if ever, an appreciable deposit of sleet on overhead con<hietors, 
it is possible that the spacing of supports may generally be greater 
th^ain in countries where the climatic conditions are less favorable. 
At the same time, it has bexm observed, in districts where the 
winters are severe and sleet formation on conductors is of frequent 
occurrence, that the. effects of storms in winter on wires heavily 
weighted with ice, and offering a largely increased surface i:o the 
wind, are less severe than in summer when much higher wind 
velocities are sometimes attained. These examples are here 
mentioned to emphasize the necessity for a thorough investiga¬ 
tion of local conditions before starting upon the detailed design 
of a proposed transmission line. / 

/Assuming that it is proposed to transmit energy electrically 
from a point where the power can be cheaply generated to an 
industrial or populous center where there is a demand for it, a 
straight line drawn on the map between these two points will 
indicate the route which, with possibly slight deviations to avoid 
great differences in ground level, would require the smallest 
amount of conductor material and the fewest poles or supporting 
structures. There may be natural obstacles to the construction 
of so straight a line, as for instance lakes that cannot be spanned, 
or mountains that cannot be climbed; but even the shortest 
route which natural conditions would render possible is by no 
means necessarily the best one to adopt. The right of way for 
the whole or part of the proposed line may have to be purchased, 
and the cost will often depend upon the route selected. By 
making a detour which will add to the length of the line, it may 
be possible to avoid crossing privately owned lands where a high 
annual payment may be demanded for the right to erect and 
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maintain poles or towers. Again, by paralleling railroads or 
highways, the advantage of ease of access for construction and 
maintenance may outweigh the disadvantage of increased length. 
A slightly circuitous route may take the transmission line near to 
towns or districts where a demand for power may be expected 
in the near filtu^e; and such possibilities should be taken into 
account. The engineer in charge of the preliminary survey work 
(a section of transmission line engineering which is not dealt with 
in this book) should bear all such points in mind and compare the 
possibilities of alternative routes. On a long and necessarily 
costly transmission line, it is rarely possible to spend too much 
time and thought on the preliminary work. Money so spent is 
usually well spent, and will result in ultimate economies. 

Apart from capital investment and power efficiency, a factor 
of the greatest importance, almost without exception, is efficiency 
and continuity of service. Electrical troubles may be due to 
faulty insulation, or they may have their origin in lightning or 
in switching operations causing high-frequency oscillations and 
abnormally high voltages, leading to fracture of insulators or 
breakdown of machinery. Troubles are more likely to be due to 
mechanical defects or mechanical injuries sometimes difficult to 
foresee and guard against. Trees may fall across the line, land¬ 
slides may occur and overturn supports, or severe floods may wash 
away pole foundations; and against such possibilities the engineer 
must, by the exercise of judgment and foresight, endeavor to 
protect his work. Other causes of mechanical failure are storms 
of exceptional violence, either with or without a heavy coating of 
ice on the conductors. When strong winds blow across ice- 
coated wires, the danger is not only that the wires themselves 
may break, but also that the resulting horizontal loading of the 
poles or towers may be great enough to break or overturn them. 

The preceding remarks all tend to the conclusion that the 
electrical calculations of a transmission line must be supplemented 
by calculations to determine the strength of the line considered 
as a mechanical structure and, further, that the economic aspect 
of the problem must on no account be overlooked, but on the 
contrary be kept continually in mind, which is merely stating, 
in connection with a particular kind of work, what is true of 
almost every engineering undertaking. i 

These three divisions of the subject, economic, mechanical, and 
electrical, are somewhat arbitrary, since each must actually take 
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account of the other two;) but, so far as possible, they will be 
kept separate in the succeeding chapters. ( What the designing 
engineer should bear in mind is that the electric transmission line 
is actually a mechanical structure (whether above or below the 
ground) designed to transmit energy electrically from one place 
to another, that it must be designed for a certain maximum 
power with (usually) a specified limit to the permissible voltage 
variation at the receiving end, and that it must perform these 
functions economically with the least possible risk of interruption 
to continuous service.) 

4. Systems of Transmission. Line Efficiency.—Although the 
l^hree-phase a.c. system is almost universally used for long-distance 
transmission, there are some instances of transmission by single¬ 
phase currents and also (in Europe) by continuous currents. 
For transmitting power over very long distances the voltage will 
be high and the conductors must be carried overhead on tall 
towers. The cost of an underground system would greatly 
exceed that of the overhead transmission, even if the cables 
could be insulated for such high voltages as would be necessary 
to keep the current and line losses within reasonable limits. 
There is, however, a use for underground and submarine cables 
in connection with power transmission for comparatively short 
distances if the voltage is not too high; this subject will be taken 
up in detail in Chap. XIII, 

The system adopted will affect the design of the generating 
plant and of the motors or other devices through which the 
electric energy at the receiving end of the line is converted for 
industrial purposes or public utility; but, in this chapter, refer¬ 
ences to alternative systems will be made only for the purpose of 
comparing them in the matter of line efficiency. 

The principal cause of loss of power in a transmission line is the 
resistance of the conductors. For a given section of conductor, 
the power dissipated in the form of heat in overcoming the ohmic 
resistance is proportional to the square of the current. A definite 
amount of power can, therefore, be transmitted with less loss 
when the voltage is high than when it is low; but, on each particu¬ 
lar transmission, there is a limit to the pressure beyond which 
there is nothing to be gained in the matter of economy. This 
limit is determined by the cost of generating and transforming 
apparatus (which will be greater for the higher voltages), by the 
greater coet of insulators and of the line supports—owing to the 
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larger spacing required between wires—and also, when extra- 
high pressures are reached, by the fact that the power dissipated 
is no longer confined to the PR losses in the conductors but occurs 
also in the form of leakage current over insulators and in the air 
surrounding the conductors. For the present it is assumed 
that a total amount of power amounting to W watts has to be 
transmitted over conductors of known resistance; and losses 
through leakage or corona will be considered negligible. 

The efficiency of transmission is defined as 

O utp ut at receiving end 
input at sending end 

and if w; = total losses in the line, expressed in watts, the line 
efficiency is 

W 

^ If + w 


which (for accurate slidf3-rule calculations) may, with advantage, 
be written 


= 1 


w 

iv + IP 


(1) 


where W stands for the power actually delivered at the receiving 
end, expressed in watts. 

6. Transmission by Continuous Currents. —Let E = voltage 
between outgoing and return wires at the receiving end of the 
line; then the power delivered is W = Ely and if if = resistance 
in ohms of one of the two conductors, the voltage at the sending 
end of the line must be E + I{2R)y and the loss of power is w = 
P{2R) watts. The line efficiency, by formula (1), is 

^ _ n^R) 

ErVlK2H) 

or 

2IR 

’ “ ^ E + 2IR 


Example 1. D.C. Transmission .— The demand at the end of 
a d.c. transmission line 6,500 ft. long is 54 kw. at 600 volts. The 
line losses must be within 10 per cent of the delivered power. 
Calculate the size of wire required, the voltage at generating 
end, and the efficiency of transmission at full load. 

The current in the line is = 90 amp. 


line losses are 54 X 0.1 


600 
5.4 kw. 


The pernaissible 
The line resistance must not 
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exceed ~ 0.667 ohm, or 0.3335 ohm per single conductor 

of length 6,500 ft. The permissible resistance per mile is, 

therefore, 0.3335 X = 0.271 ohm. From the wire table 

6,500 

on page 81, the nearest standard size of conductor is found to be 
No. 4/0 copper, with a resistance of 0.272 ohm per mile. The line 

drop is 90^0.272 X 2 X ~ 60.2 volts, whence the pressure 

at sending end == 660.2 volts. The efficiency of transmission is 


60.2 

660.2 


0.909 


The fact that continuous currents are not extensively used for 
the transmission of power to a distance is due mainly to the 
difficulty of providing sufficiently high pressures to render such 
transmission economical, and also to the necessity for using rotary 
machines with commutators to convert the transmitted energy 
into convenient form at the distant end of the line. The modern 
aspect of long-distance transmission by means of continuous 
currents will, however, be dealt with at some length in Chap. 
XII. 

6- Transmission by Single-phase Alternating Currents. —The 

advantage that alternating currents have over direct currents is 
in the ease with which pressure transformations can be effected 
by means of static converters. On a constant-potential system, 
the distribution of power in scattered districts, at any voltage 
desired by the consumer, is a very simple matter. 

In a single-phase two-wire transmission, the conditions would 
be similar to those of a d.c. transmission if not only the load, 
but the line also, could be considered as being without inductance 
or electrostatic capacity. The current and the line losses would 
then be the same as if the transmission were by continuous instead 
of alternating currents. 

In practice the inductance must always be reckoned with where 
alternating currents are used; this inductance is not only that 
introduced by the load (usually consisting in large part of induc¬ 
tion motors), but is partly in the line itself, owing to the loop 
formed by the outgoing and return conductors. The charging 
current due to the capacity of the line is of less account on low- 
voltage transmissions, but becomes of considerable importance 
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on long Hhesi working at . hi^l^esaurtes. . The iafiactsn of induc¬ 
tance and capacity will be explained later. , 

Another difference between a.Cw^d d.^. transmission is that an 
alternating curitent has the effect^of apparently ine^-e^sing the 
resistance of the conductor; this is xlwe to the uneven distribution 
of the current over the cross-section of the conductor. This 
phenomenon is known as the skin effect: it is negligible in con¬ 
ductors of small diameters and at low frequencies. In the case of 
large conductors, especially at the higher frequencies, it should be 
taken into account. The manner in which this is done is 
explained in Chap. IX- 

7. Transmission by Two-phase Currents.—If four separate 
wires are run from the sending station to the receiving station, 
the calculations are made as for two independent single-phase 
circuits. The fact that the currents in these 
two circuits have a phase difference between 
them of a quarter period, or 90 deg., sug¬ 
gests that two of the conductors might be 
combined into a single return conductor of 
a cross-section intermediate between that of 
a single conductor and that of the two con¬ 
ductors in parallel. Assuming a balanced load, 
the current relations in such a three-wire two- 
phase system would be as shown in Fig. 1, 
where the current /a in the common conductor is the vectorial 
sum of the currents h and 1 2 - It has been drawn equal but 
opposite to the dotted resultant OA because it is generally 
convenient to assume the direction of all currents to be positive 
when flowing away from the source of supply, in which case the 
(vectorial) sum of the currents in the three lines must be zero, or 



Fig. 1. 


Ji + I 2 + Is = 0 


The current h in the common return conductor is seen to have 
a magnitude equal to \/2 times either of the two (equal) currents 
in the other wires, and this suggests a possible saving of copper, 
but as a matter of fact the resistance of the common conductor 
has a disturbing effect upon the phase relations of the two-phase 
system, and the few long-distance transmissions in operation on 
the two-phase system have four wires and do not use a common 
return conductor. 
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8. TnuumisBion by Three-phase Currents. —If six separate 
conductors are run from generating to receiving station, as 
indicated in Fig. 2, the transmission is equivalent to three 
independent single-phase two-wire circuits; and if is the poten¬ 
tial difference at the terminals of each circuit, and I the current 
in each wire, the total power transmitted will be 

IF = 3(F„ X I) 


R 



It 

Fig. 2.—Three-phase transmission with six wires. 


the assumption being that the power factor of the load is unity 
and that the inductance and capacity of the line are of negligible 
amount. 

The pressure lost in transmission will be 2Ji X /, and the total 
power lost in the three lines will be 3 X X 2IL 

Consider now the arrangement as in Fig. 3, where the three 
circuits have a common terminal at each end of the transmission 



Fig. 3.—Three-phase transmission with three wires. 

and three of the wires of the six-wire transmission are replaced 
by a common return conductor. The pressure at the receiving 
end, between each of the three terminals and the common return, 
or neutral point, is still En volts; and the total power transmitted 
is still W = 3(En X /); but, owing to the fact that the sum of 
the three outgoing currents is zero (since they differ in phase by 
120 time-degrees, as shown in Fig. 4, and any one current, such 
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as OB, is exactly equal and opposite to the resultant of the other 
two currents), there will be no current ^flowing in the common 
return conductor, which can, therefore, be omitted; and it follows 
that both pressure drop and PR losses in the lines are reduced 
to one’^half of what they were with the arrangement of three 
separate circuits; the power loss in the lines being now 3PR. 
This clearly shows how the transmission by three-phase currents 
is more economical as regards line losses than single-phase trans¬ 
mission. But it must not be overlooked that, in order to obtain 
a reduction by half of the weight of copper in the lines, the pres¬ 
sure between the wires is greater on a three-phase system than 
on a single-phase system transmitting the same amount of power. 


B 


Fia. 4.—Vector diagram of currents Fig. 5.—Vector diagram of e.m.fs. in 

in three-phase transmission. thr(*e-i>hase star-connccted system. 

Thus, the pressure V (Fig. 3) between any two of the three 
transmission wires is the difference between two of the star volt¬ 
ages, as indicated in Fig. 5. Here the e.m.fs. in the three sections 
of the alternator windings are represented by the vectors OA, 
OB, and OC; and since the e.mi. V between any two terminals, 
such as B and C (Fig. 3), is the resultant of the e.m.fs. acting 
in the two windings OB and OC connected in series, one of these 
(as OC) must be subtracted from the other {OB), Thus the 
resultant is the vector OV (Fig. 5), obtained by adding to the 
vector OB an imaginary vector OC/ exactly equal but opposite 
to OC, This resultant is evidently equal and parallel to the line 
CB joining the ends of the two vectors OB and OC, and since the 
angle C'OV is 30 deg., the length OV is equal to 20C cos 30 deg., 
or a/S times the length of any one of the vectors representing 
e.m.fs. between conductor and neutral point. Thus, 

V = 1.732Fn 

and since the resistance drop is the same in all three conductors, 
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a simiWp coAdi^bit'^exists at the receiving e?id of the line, and 
we may ato writer 

i u ‘ E - 1.732^;, . ■ . (2) 

TYi^'pdwer of a thi^ee-phase circuit, which is three times En X /, 
can evidently alsd he written 

or 

W = V^EI (3) 

where E is the pressure between any two of the three wires. ^ 

9. Line Losses on Any Polyphase System.—Apart from all 
questions of voltage, or necessary insulation and spacing uetween 
adjacent conductors and between the conductors and the support¬ 
ing structures, the total /-/i losses will be the sum of the losses 
occurring in each conductor of the transmission system. Each wire 
may be considered as the outgoing conductor of a two-wire single¬ 
phase system in which the return wire has no resistance. Thus, 
in a balanced three-phase system as illustrated in Fig. 3, wherein 
the common return wire is not required (since it carries no cur¬ 
rent), the total losses in the transmission wires are 

3(/2 X R) 

But this may be written 

(3/)^ X § 

which shows that the total losses can be calculated by adding 
the currents in the respective conductors regardless of phase 
relations, and considering this total current as being transmitted 
over a single wire of the same weight or cross-section as would be 
obtained by connecting the individual conductors in parallel. 
This applies to any polyphase system with wires of equal resist¬ 
ance carrying equal amounts of current. 

If I is the current per wire, n the number of wires (or phases), 
and En the ^^star’^ voltage or pressure measured between any one 
wire and neutral, the total power transmitted is 

W ^EjXn 

provided the power factor is unity. On the assumption of a 
balanced load, with the current lagging behind the voltage by 

^ The power factor (cos 0) does not appear in this formula because, owing 
to the assumed absence of inductance or capacity fronj both line and load, 
it is equal to unity. 
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the same number of time-degrees on each phase of all the systems, 
no complication will arise if the power factor of the load is taken 
into account. The total power transmitted in every case may, 
therefore, be written 

W = Enl cos d X n (4) 

If R is the resistance of each line conductor, the total line loss 
for any system will be 

w = PR X n 

Still neglecting the inductance and capacity of the line itself, 
the percentage power lost in transmission is 

w 


W 


X 100 


If the loss w be expressed in terms of the total power IT, it 
will be found that this ratio can be put in an interesting form. 
The symbol Rp will be used to denote the joint resistance of all 
the conductors in parallel; that is to say, 

n 

The power lost is 

w = nPR 
- n^^PRp 

but for n^ may be substituted its equivalent value 
” En~P{cos 6)^ 

obtained from formula (4), whence formula (5) becomes 


(5) 


tv = 




En^(cOS d)^ 

which shows how, for any given amount of power transmitted 
at a given pressure, the PR loss is directly proportional to the 
joint resistance of all the conductors and inversely proportional 
to the square of the power factor of the load. 

By substituting this value of w in the ratio for percentage PR 
loss, the latter quantity becomes 


Percentage power lost in any 1 _ __ 

balanced polyphase system / En^ cos^ 6 


X 100 (6) 


These formulas show very clearly the advantages of high power 
factor where economy of transmission is important. 

10. Present-day Practices and Tendencies. —As already 
mentioned, the a.c. three-phase system with three conductors is 
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well established and likely to be used for longer distances of 
transmission and even higher voltages than at present. The 
wires are carried on wood, steel, or concrete poles when the 
distances are short, the conductors being tied to pin-type insula¬ 
tors mounted a few feet apart on cross-arms bolted to the sup¬ 
porting poles. The average distance between poles for such 
medium-voltage lines will range from 150 to 400 ft. With the 
longer lines and transmission pressures above 50,000 volts, the 
suspension type of insulator is used, and when the pressure 
reaches such values as 110,000 and 220,000 volts, very tall steel 
towers are necessary to supjiort the wires a considerable distance 
above the ground. The spacing between the towers is also very 
much greater than for the lower voltages, and the steel cross- 
arms from which the insulators are suspended must be carefully 
designed to withstand the stresses to which they may be sub¬ 
jected. The span, or distance between towers, is much greater 
than on the pole lines for lower voltages, the average number of 
towers to the mile being sometimes not more than five. Very 
much longer spans are used in special cases, as for river crossings. 
These involve problems for the mechanical engineer which may 
be more difficult to solve than those relating to the insulation of 
the high-voltage conductors. 

The rare instances in which insulated cables have to be used on 
long-distance transmission schemes include sections where the 
electric energy has to be taken across water which cannot be 
spanned by overhead conductors. There are examples of sub¬ 
marine power transmission in San Francisco where 12,000-volt 
cables have been laid across the bay and 11,000-volt cables across 
the Golden Gate. 

11. Frequencies and Transmission Pressures. —A frequency of 
125 cycles per second was common in connection with the earlier 
a.c. systems in America: but this was later reduced to 60 cycles. 
Unfortunately a frequency of 25 cycles was also used, mainly 
because the earlier designs of synchronous converter operated 
better on the lower frequencies. We, therefore, have two 
frequencies which have become more or less standard, namely 60 
and 25 cycles per second; but the latter is gradually giving way to 
60 cycles, which is becoming the standard in America. In Europe 
where the same confusion existed in the past owing to the multi¬ 
plicity of frequencies, the recent tendency has been toward a 
single frequency of 50 cycles per second. 
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In the matter of voltages there has also been a lack of standardi¬ 
zation: but the more usual transmission voltages are given below. 
It is true that the simplicity of the a.c. transformer and the ease 
with which it can be adapted to transform from any one voltage 
to any other render the lack of standardization of voltages less 
objectionable than the adoption of many different frequencies. 

Usual Voltages between Wires of Three-phase Transmission Systems 

2,200 (or 2,300) 

4,400 (or 4,600) 

6,600 (or 6,900) 

11,000 

13,200 (being twice 6,600) 

22,000 

33.000 

44,000 

66,000 

88,000 

110,000 

132,000 (being twice 66,000) 

154,000 

220,000 

The star connection is usual on the high-tension side of the 
transformers connected to the line, and the neutral point is 
usually grounded at the sending end of the line. The chief 
arguments in favor of grounding the neutral are (1) that the 
difference of potential between any conductor and the supporting 
structure or earth remains unaltered, and cannot become exces¬ 
sive in the event of the grounding of a high-tension conductor, 
and (2) that it is possible to detect instantly, and disconnect by 
automatic devices or otherwise, any portion of the system that 
may become accidentally grounded. The chief objection is that 
under such conditions the grounding of any one conductor causes 
a short-circuit, and even if disconnected by the opening of a 
switch, leads to an interruption of supply. By inserting a 
resistance between the neutral and the ground connection, the 
current through the fault can be limited to just so large an 
amount as may be necessary to operate an automatic device, or 
give an indication that there is a fault on the line. In some 
recent installations a low resistance is inserted in the connection 
between the neutral point and ground, but there is no uniformity 
of practice in this respect. 
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12. Substations and Tie Lines. —Great progress has been made 
in recent years in the construction of outdoor substations on 
high-voltage a.c. systems. Large self-cooling transformer units 
are now being made for use out of doors, and switchgear, both 
of the oil-break and air-break type, is being designed to give 
satisfaction under the most severe weather conditions. It is usual 
to house the low-tension switchgear, but the advantages of hav¬ 
ing high-voltage busbars, disconnecting switches, lightning 
arresters, and choke coils in the open, where ample clear¬ 
ances may be provided at comparatively small cost, are fully 
recognized. 

Many outdoor substations have been erected and are giving 
entire satisfaction. These stations naturally cost less than the 
indoor substation requiring a large building to house the trans¬ 
formers and high-tension switchgear. A reduction of at least 
20 per cent in cost may generally be realized. Outdoor sub¬ 
stations appear to be essentially an American development: 
very few are to be found in Europe; but this may be accounted 
for partly by the greater distances of transmission and higher 
voltages in America. 

The design and equipment of substations on high-voltage 
transmission systems are beyond the scope of this book; but 
a few remarks concerning the high-tension lines connecting 
such stations together and with the main source of supply may 
not be out of place. 

The transmission of energy between substations in a thickly 
populated area, or between small towns and villages served by 
a central power station, involves many questions which do not 
arise in connection with a straight long-distance transmission, the 
object of which is to convey energy from a place, such as a water¬ 
fall, where power is cheap, to the centers of population, where 
there is a demand for it. In the former case, the problems to be 
solved are generally similar to those of distributing systems in 
large cities, except that the pressures are much higher on account 
of the greater distances to be covered. In the latter case—that 
of straight long-distance transmission, with few, if any, branch con¬ 
nections between the generating station and the substation from 
which the energy is distributed at a lower pressure—the chief 
considerations are* those involved in the choice of transmission 
voltage and a line construction which shall combine economy 
with such safety factors and protective devices as may be neces- 
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sary to insure, so far as may be humanly possible, uninterrupted 
service. 

When the system embodies a number of substations and two or 
more generating stations, the proper arrangement of the trans¬ 
mission lines becomes a matter involving very careful study on 
the part of the engineer. Energy may be obtained at inter¬ 
mediate stations by tapping a radial line, i.e., a direct line con¬ 
necting the point of supply with the point of delivery; but tie lines 
between two substations are also of great value in permitting 
equalization of load on two or more radial lines. The accom¬ 
panying diagrams show three possible arrangements of lines 
supplying energy from a single generating station. Figure (> 



Figs. 6, 7, and 8.—Typical arrangcinonts of substations and tie lines. 

shows a tie line between two substations, the purpose of which is 
to control the loading of the two radial lines and also to maintain 
supply in the event of a breakdown on one of the direct lines. 
Figures 7 and 8 show how a third substation C of relatively small 
capacity may be supplied with energy. 

13. Synopsis of Succeeding Chapters.—When planning either 
a new transmission line or extensions to an existing system, the 
engineer has many problems to solve before he can be sure that 
the proposed line will fulfil, in the best and most economical 
manner, the purpose for which it is to be built. 

The question of economy is indeed a very important one; it will 
determine the choice of voltage, the size of conductor to carry a 
particular current, and such questions as the length of span 
which, if short, will require many insulators and supports, and, 
if long, fewer insulators but ^ller and more costly supporting 
towers. 

Having arrived at some general conclusions regarding the type 
of line, transmission voltage, and route to be followed, the 
mechanical strength and stability of the line should be carefully 
considered. These mechanical problems’ include the strength 
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and durability of the conductors themselves and the supporting 
poles or towers; they must take into consideration the possible 
effects of strong winds, sleet and ice deposits, and the effects of 
temperature changes on the sag of the wires and the tension at 
the points of support. 

The electrical problems include the very important question of 
insulation for high voltages, the calculation of transmission 
losses, voltage regulation, and methods of voltage control. The 
effects of the reactance and capacity of the lines themselves, 
when the transmission is by alternating currents, involve a 
considerable amount of calculation when great accuracy is 
required. In connection with the higher pressures, it is also 
necessary to consider possible corona formation and calculate the 
additional line losses due to corona. Finally, protection against 
interruption to service due to lightning and similar causes must 
also be classed among the problems with which the electrical 
engineer is particularly concerned. 

These various matters will be taken up in succeeding chapters 
generally in the same order as here referred to. They will be 
followed by a short chapter dealing with the possibilities of long¬ 
distance transmission by continuous currents, and another devoted 
exclusively to the consideration of underground and submarine 
cables for high-voltage transmission. It would seem, however, 
that before taking up the subject of transmission line economics, 
it would be advisable to devote a few pages to the consideration 
and calculation of short lines operated at comparatively low 
voltages, in order that the reader who may not be familiar with 
the simpler problems involved in connection with such lines may 
be better prepared to solve the more difficult problems of electric 
transmission. Chapter II will, therefore, deal briefly with the 
simple calculations of short, low-voltage overhead lines. 
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CALCULATIONS FOR SHORT TRANSMISSION LINES 

I (l^) Effect of Line Reactance on the Transmission of Altemat- 
nmg^urrents. —When the transmission of energy is by alternating 
currents in parallel wires of considerable lengthf^the difference 
between the conditions at the sending and receiving ends of the 
line will depend not only upon the resistance of the transmission 
circuit, but also on its reactance and electrostatic capacity.) 
VThe effects of capacity, being negligible on short lines, will not 
be considered herQ but it is evident that two or more metallic 
conductors, separated by a dielectric (air), may form condensers 
of considerable capacity when the wires run parallel for many 
miles, and the charging or condenser current may be of consider¬ 
able magnitude when the alternating pressure between conduc¬ 
tors is high. [The effect of line reactance cannot be overlooked 
even on short lines, and it is proposed to explain briefly how this 
reactance affects the regulation or pressure drop of a.c. trans¬ 
mission lines. 

On account of the necessary space between the wires, the loops 
formed between outgoing and return conductors are of consider¬ 
able area on a long-distance transmission; and the changing flux 
of induction in these loops will generate counter e.m.fs. in the 
conductors, which may be of considerable importance, especially 
in regard to their effect on the voltage regulation. ^Whether 
dealing with single-phase or polyphase transmissions, it will be 
found convenient to make calculations on single conductors 
only. Thus, instead of considering the resistance of the com¬ 
plete circuit (which is not convenient in the case of polyphase 
transmissions), the resistance of one conductor only or the 
resistance per mile of single conductor is considered, and the 
ohmic voltage drop calculated for that portion of the complete 
circuit only. Similarly, in the matter of the counter e.m.f. due 
to the self-induction of the line, calculations are based, not on 
the total flux of induction in the loop or loops formed by outward¬ 
going and return wires, but on that portion of the total flux 
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which is included-between the center line of any one conductor 
and the neutral plane or line. Thus the induced volts per single 
conductor, or per mile of single conductor, may be calculated, and 
the resulting total voltage drop may be computed for each con¬ 
ductor independently of the others. In the case of a single-phase 
two-wire transmission, the total loss of pressure is evidently just 
twice the amount so arrived at for a single conductor. In a poly¬ 
phase transmission, due attention has to be paid to the phase 
relations between the currents in the various conductors; but the 
same principle holds good, and calculations of any polyphase^ 
transmission can be made by considering each conductor sepa¬ 
rately, as will be explained later. 

The induced volts will be directly proportional to the current 
and will depend on the diameter of the wire and its distance from 
the return conductors. This will be again referred to in Chap. 
IX, but for the present the induced pressure may be calculated by 
means of the formula: 


Volts induced per mile 
of single conductor 


= 0.00466 X / X Z X logio(l.285^) (7) 


where d and r stand, respectively, for the distance between 
outward and return (parallel) conductors and the radius or half 
diameter of the wire, these being e.xpressed in the same units. 
The frequency / is expressed in cycles per second, and the current 
If in amperes. In nearly all handbooks for the use of electrical 
engineers, tables are published giving inductive pressure drop 
for different diameters and spacings of wires; the assumption 
being always, as in the case of formula (7), that the current 
variation is in accordance with the simple harmonic law (sine- 

Z ve). The special case of magnetic conductors such as iron or 
el win be referred to in Chap. IX. 

15. Fundamental Vector Diagram for A.C. Transmission 
Lines. Capacity Neglected. —In the diagram Fig. 9, the various 
quantities are represented as follows: 


OAj or I, is the current vector. 

OB, or Enj is the vector corresponding to the pressure 
(wire to neutral) at the receiving end. 

6 is the time angle by which the current lags behind the 
pressure at the receiving end; cos B being the power 
factor of the load. 
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BCf or IRj which is drawn parallel to OA, is the quan¬ 
tity I X R ; being the voltage component required at 
the generating end to compensate for* ohmic drop of 
pressure in one conductor. 

CD, or IX, which is drawn at right angles to OA, is the 
quantity calculated by formula (7), being the voltage 
component required at the generating end to compen¬ 
sate for loss of pressure due to the inductive reactance of 
one conductor. 



BD is the sum of the vectors BC and CD, being the total 
additional voltage required at the generating end to 
compensate for the impedance of one conductor. 

OD, or Vn, is the vector corresponding to the pressure 
(wire to neutral) at the generator end of the line, 
required to maintain the pressure (En) at the receiving 
end when the current in the conductor is I amperes. 

(p is the time angle by which the current lags behind the 
pressure at the generating end, cos tp being the power 
factor of the total load as measured at the generating 
end. 

FD is the (arithmetical) difference between pressures at 
generating and receiving ends of the conductor. 
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The percentage loss of pressure is, therefore, 

100 X!??«“' ™ 


= 100 X 


length OF 
length FD 


length OB 

(the dotted circles being described from the center 0). 

All graphical solutions of pressure regulation on short trans¬ 
mission lines are based on this fundamental diagram. Some of 
them give results that are theoretically correct, while in others 
certain assumptions are made to simplify the construction with¬ 
out introducing any appreciable error in the solution of practical 
problems. 

Graphical and semi-graphical methods of predetermining the 
voltage regulation of transmission lines are often convenient, but, 
unless constantly used for the solution of actual problems, they 
are not likely to prove time savers, and for the purpose of this 
text, mathematical solutions by means of easily derived formulas 
would seem to be preferable. 

The required trigonometrical functions and vector relations are 
readily obtained from Fig. 9. In the first place, the functions 
of the angle <p are: 

/A “4“ En sin 0 


sin <p = 


From formula (9) 
generating end is 


( 8 ) 

(9) 

IR + £„ cos e 
it is seen that the required voltage at the 


cos if 


tan ip = 


Fn 

IR -4- En cos 6 
IX + En sin 6 


Fn = 


IR + En cos 6 


cos ip 

and the volts required to overcome ohmic resistance are 
IR = Fn cos <p — En cos 0 
The line efficiency is 

_ I R 

^ En COS e + IR 


( 11 ) 


( 12 ) 


(13) 


As an example of the use of these formulas, assume, in the 
first place, that the material, size, and spacing of conductors is 
known, also, in all cases, the power factbr of the load (cos d), and, 
therefore, the other trigonometrical functions of the angle d, 
such as sin B, Under these conditions, the quantities IR and IX 
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can readily be calculated, and formula (10) can be used to obtain 
tan (p] thence the angle (p and cos <p (the power factor at the 
generating end). Then, by formula (11), the required voltage 
(Fn) at the generating end is easily obtained. 

Assume, in the second place, that the size of the conduc¬ 
tors has to be determined. The spacing of conductors and the 
frequency being known, the induced volts IX can be calculated 
approximately by estimating the value of r for use in formula 
(7). The more correct estimate of the size of conductor will be 
based on the required regulation, or total voltage drop. The 
voltage at the generating end is, therefore, 

Fn = + allowable voltage drop per conductor. 

Now, since 7i2 is not definitely known, formula (8) will have to 
be used. This gives the value of sin <p with a sufficient degree of 
accuracy even if quite an appreciable error has been made in 
estimating the size of conductor for the purpose of calculating 
the inductive drop IX, Having determined the angle <p, the 
function cos (p can be obtained from trigonometrical tables; and 
then, by using formula (12), the ohmic drop can be calculated. 
Thus the proper size of wire for use under given conditions may 
be determined. 

If the power loss in the line is the determining quantity, regard¬ 
less of the voltage regulation, then, since this loss depends only 
on the voltage IR (the current I being assumed constant), the 
resistance and size of conductor are readily ascertained, and the 
unknown quantities may be calculated as in the case first 
considered. 

16. Examples of Short-line Calculations. ^ Example 2.—A 
single-phase line 6.5 miles long consists of two No. 6 B. & S. gage 
copper wires strung on insulators spaced 30 in. apart. The line 
operates at 4,600 volts, 60 cycles, and delivers 30 kv.-a. at 80 
per cent power factor, the load being concentrated at the receiv¬ 
ing end of the line. Required the voltage and power factor at 
the sending end of the line, and the line efficiency. 

rru ^ • • r 30,000" . 

The current in the wires is / = -7 = 6.52 amp. 

4,600 

The voltage between wire and neutral is = 2,300 

The diameter of a No. 6 wire (refer to table on p. 81) is 0.162 
in., whence the radius of the cross-section is r = 0.081 in, and, by 
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formula (7),^ the inductive reactance per single conductor of 
length 6.5 miles is A' = 6.5 X 0.00466 X 60 X log (1.285 ) 

== 4.86 ohms; whence the reactive voltage drop per conductor is 
IX = 6.52 X 4.86 = 31.7 volts. 

The resistance per mile of No. 6 copper wire (see table on 
p. 81) is 2.14 ohms, whence the resistance voltage drop per 
conductor is 

IR ~ 6.52 X 2.14 X 6.5 == 90.6 volts. 

From trigonometric tables- we find that when cos 0 = 0.8, 
sin 0.6, and we may use formula (10) to calculate the power- 
factor angle at the sending end. Thus 

31.7 +J2,^0 X_0.6) 

9d;6“+ (2,'300 X 0.8) 
whence cos ip = 0,807, which is the power factor at the sending 
end of the line. 

By formula (11), the voltage to neutral at the generating end is 

90.6 + (2,300 X 0.8) ^ ,, 

Vn =-0^7’- ^ 

giving 4,780 volts between wires, which is 3.91 per cent higher 
than the receiving-end voltage. 

By formula (13), the line efficiency is 

90.6 


tan <p 


= 0.731 


= 1 - 


= 0.953 


(2,300 X 0.8) + 90.6 
The loss of power due to wire resistance, expressed as a per¬ 
centage of the delivered power, is 100 X 

Example 3.—A single-phase load of 15 kw. at 220 volts is 
required at the receiving end of a transmission line 700 ft. long. 
The frequency is 60, the power factor of the load is 0.8, and the 
spacing between the transmission wires is to be 2 ft. What size 
of copper conductor should be used in order that the voltage 
regulation shall be within 7 per cent? 


‘ A chart giving the reactance in ohms per mile of single conductor will be 
found on page 243. The handbooks for electrical engineers and other books 
publish tables giving reactance values for frequencies of 60 and 25 cycles. 
Very good tables of transmission line reactances are included in Dwight's 
Transmission Line Formulas.” 

* A short table giving the connection between the reactive factor (sin 6) 
find th« power factor (cos e) will be found on p. 28. 
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The maximum permissible difference of voltage between sending 

220 X 7 

and receiving ends of line is —— = 15.4, or 7.7 volts per con¬ 
ductor. Therefore, the maximum permissible value of the e.m.f. 
between wire and neutral at the sending end is 
Vn = 110 + 7.7 = 117.7 volts. 

The current in the line is 


/ = 


E cos d 


15,000 
220 X OTS 


85.2 amp. 


and if the loss of pressure were due to the resistance only, the 

7 7 

ohms of a single conductor would be R = ^ = 0.0904, and the 

oo.Z 

, , , 0.0904 X 5,280 , 

resistance per mile would be -- == 0.082 ohm. 


Referring to the table on page 81, it is seen that No. 1 wire would 
be large enough if there were no additional drop due to the react¬ 
ance of the transmission line. It will be noticed that the current 
density in so small a wire as No. 1 would be very high (1,300 amp. 
per square inch), and it is probable that a wire at least as large as 
No. 00 will be required. This size may be assumed for the 
purpose of estimating the IX drop, which is only slightly affected 
by small changes in the diameter of the conductors. With a 2-ft. 
spacing. No. 00 stranded cable has a reactance of 0.615 ohm per 
mile at 60 cycles per second, and since the length of the line is 


700 

5,280 


= 0.1325 mile, the reactive voltage drop per conductor is 


IX = 85.2 X 0.615 X 0.1325 = 6.94 volts. 


By formula (8), 

sin (p = 


6.94 + (110 X 0.6) _ ^ .o 
-117.7 


whence cos (p = 0.785, and by formula (12), IR = 85.2 R = 
(117.7 X 0.785) - (110 X 0.8), whence R = 0.0505 ohm. The 
conductor should, therefore, have a resistance not exceeding 

= 0.381 ohm per mile. Referring to the wire 

table, it will be seen that a No. 000 conductor will be necessary, 
since the resistance, of No. 00 would produce a voltage regulation 
exceeding the specified limit. The determination of the exact 
voltage drop using this size of wire can be made in the same 
manner as in working out Example 2. 
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Problems of the same type as Example 3 are by no means 
uncommon in engineering work. They are not solved by merely 
inserting numerical values in forniulas and performing certain 
mathematical operations upon them. Thought and judgment 
are required, and assumptions have frequently to be made, the 
correctness of which must afterwards be checked. In this 
particular problem (Example 3), it would have been easy to 
specify conditions which could not have been satisfied. If the 
transmission distance had been slightly longer, or the load some¬ 
what greater, the reactance voltage drop alone might have 
exceeded the specified total drop. The only possible solution 
then would have been to split up the single circuit into two or 
more parallel circuits (to reduce the reactive drop); but the 
proper course would involve a change in the specification, either 
permitting a higher transmission voltage to be used (thus reduc¬ 
ing the current), or modifying the requirements in respect to 
line regulation. 

17. Short-line Calculations without Using Trigonometric 
Tables.—Referring again to Fig. 9, the power factor of the load 
being cos d and the axis of reference OA (i.e., the current vector), 
the voltage En may be expressed in terms of its two components: 
the in-phase or energy component En cos 6, and the reactive com¬ 
ponent En sin 6, Knowing cos 6 (the power factor of the load), 
the quantity sin 6 is easily calculated without reference to trigo¬ 
nometric tables because _ 

sin 0 = \/l — (cos 6)^ (14) 

Also, from inspection of Fig. 9, it is obvious that, in place of for¬ 
mula (11), which includes the quantity cos (p^ it is possible to 
write 

Vn = ViEn COS e + IRy+ '{En siu S -f IX^ (15) 

from which the voltage Vn can be obtained without first having to 
determine the angle (p by means of formula (10). Having calcu¬ 
lated Vnj the power factor at the sending end of line is then 
directly obtained by using formula (9). 

Example 4. Short Single-^phase Transmission Line. —Assum¬ 
ing the same conditions as in Example 2, the solutions of the 
problem may be obtained as follows without, referring to trigo¬ 
nometric tables. 

As previously calculated: 

I « 6.52; En « 2,300; IX « 31.7; IR « 88.5 
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The power factor being cos $ = 0.8, the reactive factor, by 
formula (14), is sin 0 = \/l — (0.8)^ = 0.6, and by formula (15), 
Vn = 0.8) + 8875p'^[C^3^x“^^^^^ - 

2,390 (nearly).^ 

By formula (9), the power factor at the sending end of line is 


cos <p = 


88.5 + (2,300 X 0.8) 
2,390 


0.807. 


These results are the same as obtained by the method of 
Example 2. 

Graphical Solution .—The solution of problems based on the 
vector diagram of Fig. 9 may be obtained by drawing the vectors 
to scale and taking measurements from the finished drawing. 
This method is often very convenient and yields good results if 
the drawing is accurately made to a reasonably large scale. In 
the diagram used for the solution of a practical problem, the 
impedance triangle BCD would be very much smaller relatively 
to the length of the vectors En and W than in Fig. 9; but that is 
no reason why results of sufficient accuracy for practical pur¬ 
poses should not be obtained, provided the drawing is carefully 
made. 

When working out Example 4, the formula (15) based on Fig. 
9 was used in order to illustrate a method of calculation which 


avoids the use of trigonometrical tables. This formula is not, 
however, very convenient for slide rule calculations because it is 
necessary to extract the square root of the sum of two large 
quantities. The vector Vn is the sum of the three vectors 
OBy BCj and CD (of Fig. 9), and since the last two are nearly 
always small in relation to OB, it follows that the angle DOB 
is also small. Imagine a perpendicular to be dropped from the 
point D on to the line OB extended beyond the point B. It is 
then easy to see that 

y ___ En + IR cos $ + IX sin _6 
^ cos (<qt>‘ — 6) ^ 


but the cosine of a small angle is approximately unity and, for 


' Since the slide rule is used in the solution of nearly all the niunerical 
examples in this book, the number of significant figures in the answers will 
be such as can be read off a 10-in. slide rule. It is very rarely, if ever, that 
the electrical engineer is justified in carrying out his calculations so as to 
include more figures than can be read off a 10-in. slide rule. If he uses 
methods of calculation which will give him more figures in his answers, such 
additional figures are usually non-significant, or meaningless. 
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practical calculations on short lines, it is possible to use the 
approximate formula 

Vn ^ En + IR COS 6 + IX sin 6 (15a) 

which is very convenient for slide rule calculations. 

Even if the angle (</> — ^) is as large as 7 deg., the error in 
using formula (15a) is within 1 per cent. 

The accompanying table gives the relation between the 
power factor (cos 6) and the reactive factor (sin 0) for a limited 
number of values. The column headed tan 0 gives the ratio 
sin^^ 
cos 6 


Table Giving Relation between Power Factor (Cos $) and REA<.:Trv'E 

Factor (Sin 0 ) 


Cos 0 

j Sin d j 

Tan e 1 

i Cos 0 

Sin 0 

•Tan 

1.00 

0.000 

0.000 

0.70 

0.650 

0.855 

0.98 

0.199 

0.203 

0.74 

0.673 

• 0.909 

0.96 

0.280 

0.292 

0.72 

0.694 

0.964 

0.94 

0.341 

0.363 

0.70 

0.714 

1.020 

0.92 

0.392 

0.426 

0.68 

0.733 

1.078 

0.90 

0.436 

0.484 

0.66 

0.751 

1.138 

0.88 

0.475 

0.540 

0.64 

0.768 

1.200 

0.86 

0.510 

0.593 

0.62 

0.7S5 

1.266 

,0.84 

0.543 

0.646 

o.m 

0.800 

1.333 

0.82 

0.572 

0.698 

0.58 

0.815 

1.404 

0.80 

0.600 

0.750 

0.56 

0.828 

1.479 

0.78 

0.626 

0.802 

0.54 

0.842 

1.558 


18. Use of Fundamental Diagram for Three-phase Calcu¬ 
lations. —The vector diagram (Fig. 10) shows the relative phases 
of current and e.m.f. for a three-phase system with balanced load 
when the power factor is unity. Here the three current vectors 
are OA, OB, and OC. The ‘'star^' voltages are 
Oa — Ob = Oc — En 

each being in phase with the corresponding line current; and 
the voltages measured between the three conductors of the trans¬ 
mission line are 

ab = be = ca ^ E = \^3En 
The total power transmitted is 

W = V3E X / 

= 3EnXl 
= 3 (OA X Oa) 
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In Fig. 11 the diagram has been drawn for an inductive load. 
Here there is a certain displacement of the current phases with 
reference to the e.m.f. phases. It will be noticed that the ver¬ 
tices of the e.m.f. triangle no longer lie on the current lines as in 
the preceding diagram. The three current vectors still subtend 
the same angle of 120 deg. with each other; but they have 
been moved bodily round (in the direction of retardation) through 
an angle 0, The total power is evidently no longer equal to 
three times OA X Oa, but to 3 X OA' X Oa, where OA' is the 
projection of OA 
phase load. 


Oa; and cos 6 is the power factor of the three- 


A 



C 


Fig. 10.—Vector diagram for 
three-phase system on non-induc¬ 
tive load. 



Fig. 11.—Vector diagram for three-phase 
system on partly inductive load. 


It is a simple matter to complete this diagram by taking into 
account the effects of resistance and reactance of the line, 
because when the calculations for resistance drop and induced 
volts are made per conductor as previously explained, the construc¬ 
tion can be carried out for each phase exactly as explained when 
describing the fundamental diagram (Art. 15). It is only 
necessary to bear in mind that OA and Oa, in Fig. 11, cor¬ 
respond to OA and OB in Fig. 9. When this construction 
has been carried out for each of the three phases, there will be a 
new set of star vectors which, when their ends are joined, will form 
a new e,m.f. triangle representing the necessary pressures at the 
generating end. This is shown in Fig. 12, where am and md are 
the vectors representing the required e.m.f. components to coun¬ 
teract the ohmic drop and reactive voltage, respectively, due to 
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the current OA. The same construction is supposed to be fol¬ 
lowed for the other two phases, and the resulting triangle def 
indicates not only the magnitude of the potential differences 
between wires at the generating end, but also their phase relations 
with the other quantities. Thus the power factor at the generat¬ 
ing end is not cos but cos all as explained in connection with 
Fig. 9. 

It is true that a symmetrical arrangement of conductors has 
been assumed; that is to say, the three conductors are supposed 
to occupy the vertices of an equilateral triangle, in which case 
the magnetic flux due to the current in one of the wires will 



/ 

Fig. 12.—Vector diagram for three-phase transmission (capacity current 

neglected). 

neither increase nor decrease the amount of induction through 
the loop formed by the other two wires; or, in other words, the 
whole of the current in any one conductor may be considered as 
returning at a distance from this conductor equal to the side of the 
equilateral triangle. As a matter of fact, if the wires are arranged 
in any other practical manner, the effect of the induction due to 
any one wire on the loop formed by the other two wires is usually 
small; but it is always possible to substitute for the actual 
arrangement of the conductors an equivalent arrangement with the 
wires at the vertices of an equilateral triangle, so that the calcula¬ 
tions can still be made by considering each of the three conductors 
separately in relation to an imaginary neutral return conductor 
of zero impedance. The required correction for unsymmetrical 
arrangements of conductors will be taken up in Chap. IX. 
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19. Three-phase Lines to Serve Rural Districts. —Of late years 
there has been a very rapid development in electric lines designed 
to provide light and power for outlying farms and other consumers 
at a considerable distance from the centers of population. These 
rural lines are usually three-phase and differ from the distribution 
systems in urban districts mainly in the greater distances to be 
covered and the higher voltages necessary to cover these greater 
distances economically. 

The most common pressures for these rural or farm lines are 
6,600 volts, 11,000 volts, and as high as 13,200£X^olts when the 
distances are great. Even if a pressure of 2, 20|| or 2,30^ volts 
would seem to be sufficient tor immediate purposes, as when a 
small amount of power has to be transmitted a distance of only 
a few miles, it is best to insulate the lines for a higher voltage 
which is almost certain to be required as the demand for power 
and the distance from the point of supply become greater. The 
tendency today is toward higher pressures on rural lines, with a 
view to future developments. 

The conductors are usually spaced 30 in. apart and are carried 
on pin-type insulators mounted on 30-ft. wood poles. Steel poles 
sometimes take the place of wood poles, especially when it is 
desired to use long spans with a view to reducing the number of 
poles and insulators. The chief causes of interruption on rural 
lines are insulator failures and the blowing of transformer fuses. 
By lengthening the average distance between poles, fewer insula¬ 
tors are required and the chances of failure through faulty insula¬ 
tion are reduced. The earlier lines constructed for this class of 
service usually consisted of No. 6 soft-drawn copper wire on 25-ft. 
poles spaced 125 ft. apart. This close spacing of the poles offers 
no apparent advantage over longer spans with 30-ft. and even 35- 
ft. poles. The average span on straight runs may then be as long 
as 250 ft., the wire being hard-drawn copper (not smaller than 
No. 6 B. & S. gage) or copper-clad steel, qr occasionally steel- 
cored aluminum cable. Shorter spans and guyed poles with 
double cross-arms are used at the corners where there is a sharp 
change in the direction of the line. 

A comparatively low transmission pressure, such as 2,300 
volts, has the advantage that standard transformers are avail¬ 
able for outputs as low as 1.5 kv.-a., whereas 11,000-volt and 
13,200-volt transformers are not usually built in smaller sizes than 
2.5 kv.-a. 
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A four-wire three-phase system suitable for short-distance 
transmission is illustrated by Fig. 13. This system gives a 
4,000-volt three-phase supply between the three terminals of the 
star connection, and also 2,300 volts for single-phase service 
between any one of the three phases and the fourth wire which 
returns to the neutral point of the system. This point is usually 
grounded at the supply end of the line. 

Example 5. Three-phase Transmission. —(a) What 

distance can 300 kw. be transmitted by OO-cycle three-phase 
currents at 6,600 volts using No. 4 copper wires, with a loss of 
power in the lines not exceeding 30 kw. when the power factor 
of the load is 92 per cent? (6) What pressure between wires is 



Fig. 13.—Four-wire three-phase system. 

necessary at the sending end of the line to maintain 6,600 volts 
at the receiving end under full-load conditions, the spacing 
between wires being 30 in. ? 

Solution (a).—The total output is \/3EI cos ^=300,000 watts, 
wherein E = 6,600 and cos B = 0.92. Solving for the current, 
I = 30.9 amp. If iiJ = the resistance in ohms of one of the three 
conductors, the total line losses are 3 {PR) ~ 30,000 watts, 
whence R = 10.46 ohms. Referring to the wire table on page 
81, the ohms per mile of No, 4 copper wire = 1.35, whence the 

maximum permissible length of the transmission line is =* 
8 miles (nearly). 

Solution (b ).—Instead of using the formulas of Arts. 15 and 
17, an approximate answer to this problem can be obtained by 
drawing to scale the vector diagram of Fig. 9 (p. 21). In order 
to obtain Fn, numerical values must be found for the angle 6, 
the voltage En, the resistance drop JJ?, and the reactance drop 
IX. 
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The angle 6 can be drawn without reference to trigonometric 
tables, as will be explained later. 

The length OB is = 3,810 

\/ 3 

The length BC is IR = 30.9 X 10.46 = 324 
The length CD (or the numerical value of IX) may be obtained 
as follows: 

From the wire table on page 81, the diameter of No. 4 wire 
= 0.204 in. The spacing between wires being 30 in., the ratio 


spacing (in feet) . 2.5 

diameter (in inches) 0.204 


12.25, which permits of the react¬ 


ance being obtained from the chart on page 243. Thus, at 100 


C3"cles, A"' = 1.2 ohms per mile, and since the frequency in the. 



example is 60 cycles, the length CD of Fig. 9 is IX == 30.9 X 
(0.6 X 1.2) X 8 = 178. 

P"igure 14 is the vector diagram of the voltages drawn to scale. 
The axis of reference is the ^*in-phase^^ component of the e.m.f. 
at the receiving end, OG = En cos 6 = 3,500. At the point G 
erect the perpendicular GB on 0(?, and with a radius of length 
En = 3,810 describe the dotted arc with center at 0. This 
locates the point B. Draw BC = 324 parallel to OG (this being 
the IR drop), and CD = 178 perpendicular to OG (this being the 
IX drop). The pressure between wire and neutral at the sending 
end of line must, therefore, be Fn = OZ), which scales 4,170 
volts, and the required pressure between wires is \/3 X 4,170 = 
7,230 volts. 

From an inspection of Fig. 14 it is seen that the point D falls 
very nearly on the prolongation of the vector OB (not drawn), 
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or, in other words, that the power-factor angle <p at the sending 
end of the line differs very little from the power-factor angle 
B at the load end of the line. The very simple approximate 
formula (15a) on page 28 will, therefore, yield an answer which 
will be fully as accurate as the result obtained by scaling a length 
off the drawing. Thus: sin B — \/l — (0.92)2 — 0.392, and 
Fn - 3,810 + (324 X 0.92) + (178 X 0.392) = 4,177.8, or, say, 
4,178 volts instead of 4,170 volts obtained by scaling off the 
diagram. 

20. The Problems of Long-distance High-voltage Trans¬ 
mission. —Before considering the economic aspects of electric 
power transmission, it may be well to discuss briefly the present 
practices and tendencies in the design of long-distance lines. 
When large amounts of energy have to be transmitted over great 
distances, the cost of conductors and the losses in the line would 
be excessive unless very high transmission voltages were used. 
It is possible to build today a single three-phase line capable of 
transmitting 150,000 kw. a distance of 250 miles with a pressure 
of 220,000 volts between conductors. An undertaking of this 
magnitude involves the study and solution of many problems, 
ii^luding those enumerated below. 

1. Mechanical problems, dealing mainly with the strength of 
the conductors and insulators and supporting structures. With 
the large size of conductors and long spans used on modern long¬ 
distance lines, the towers become very high and the tension at 
dead-ending points very great. Careful attention must be given 
to the design of towers and their foundations, but these problems 
are more easily solved than the design of insulators suitable for 
so high a working pressure as 220,000 volts and yet of sufficient 
strength to withstand the maximum possible tension in the con¬ 
ductors. The mechanical strength of suspension-type porcelain 
insulators has gradually increased, and units are now available 
suitable for a working load of 6,000 lb. 

2. Electrical problems, dealing with the adequate insulation of 
high-tension lines, possibilities and effects of corona formation, 
reactance and electrostatic capacity of long lines, regulation of 
voltage and power factor, and protective devices to minimize the 
possibility of service interruption. 

Strings of suspension-type insulators, consisting of 14 separate 
units in series, are us^ed successfully on 220,000-volt lines, but 
a wide spacing between wires is necessary, and this involves 



CALCULATIONS FOR SHORT TRANSMISSION LINES 35 


great stresses on the supporting cross-arms, requiring extra- 
strang and somewhat costly steel towers* 

Economic problems, dealing with the most suitable material 
and size of conductor (z.e., the selection of a conductor in which 
the losses have been determined on an economic basis), the proper 
voltage for an assumed amount of power and a given distance of 
transmission, the most economical distance between towers, and 
the question of duplication of lines or of carrying more than one 
circuit on the same tower line. These problems are closely 
connected with the mechanical and electrical features of trans¬ 
mission line design, and also with such considerations as dura¬ 
bility, continuity of service, protection from lightning and other 
possible causes of electrical disturbances. 

In view of the development of the so-called superpower sys¬ 
tems and networks, no important new line should be planned 
without taking into account neighboring systems of trans¬ 
mission and the possibilities of ultimate interconnection. Main 
lines of the present day may become tie lines in the future, which 
may involve the maintenance of constant pressure between wires, 
notwithstanding changes of load and even reversal of the flow of 
energy. The use of synchronous machinery to control power 
factor and of special variable-ratio transformers to control the 
voltage must be considered in connection with modern trans¬ 
mission systems. These various aspects of transmission line 
engineering will be taken up in the following chapters. 



CHAPTER III 


ECONOMIC PRINCIPLES 

21. Introductory.—In the construction of electrical plant and 
machinery, such as generators, transformers, and switching 
apparatus, the economic conditions are, as it were, automatically 
fulfilled, owing to the competition between manufacturers, each 
one of which is a specialist in his own particular line of business. 
This competition, it should be observed, is not merely in the 
matter of factory cost or selling price, but in factory cost plus 
efficiency and durability. It is not necessarily the cheapest or 
the most costly manufactured article that wins in the long run, 
but the one which is commercially best suited to the needs of the 
user. 

The cost per mile of a finished transmission line, whether by 
overhead or underground conductors, is not all-important. It 
may frequently be said to be of importance only in so far as it 
influences the annual cost of the line, which annual cost is under¬ 
stood to include interest on the capital sum expended on the line. 
If a heavy section of copper is used for the conductors, the 
loss of energy in overcoming resistance will be less than with a 
lighter section, but the initial cost will be greater. There is only 
one particular size of conductor which is economically the right 
size for any given line operating under definite conditions, and 
this is by no means easy to determine, notwithstanding the 
apparent simplicity of what is usually referred to as Kelvin's law. 

When considering any scheme of power transmission from a 
generating plant of limited output, it is important to bear in 
mind that it does not pay to cover a distance greater than that 
within which there is a reasonable prospect of supplying all the 
power available at the generating station. The importance of 
this principle should be fairly obvious; yet there are instances 
which prove that it has been disregarded. 

On the other hand,|jwhere the energy available appears to be 
in excess of the probable demand within a reasonable radius 
from the generating station, the possibilities of subsequent 

36 
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requirements greatly exceeding the immediate demand must not 
be overlooked, and a transmission system on a lar^e scale, 
designed to satisfy future conditions, may be desirable.] Each 
case must be studied separately, on account of the variable nature 
of the conditions in different localities. jJThe easiest part of the 
problem is the designing of an economical transmission line, that 
is to say, a line that will give the best return for capital invested,, 
on the assumptions of a given amount of energy to bo delivered 
at a given point where a given price will be paid for it. The real 
difficulty lies in estimating not only the immediate demand, but 
also the probable future demand and its rate of growth, in order 
that proper provision may be made to avoid unnecessary waste in 
remodeling or reconstructing the original transmission line. A, 

As a general rule, it is certain that money spent on preliminary 
surveys and calculations before the work is actually started is well 
spent. It is a mistake to suppose that a transmission system 
of any magnitude can be erected economically and give good 
service unless as much engineering knowledge and judgment 
enters into its construction as into the manufacture of the genera¬ 
tors and transformers. 

It is well to bear in mind that the introduction of automatic 
switches and similar devices designed to save labor and insure the 
rapid changing over of the load from a faulty section to a sound 
section on a duplicated transmission line is likely to lead to 
unlooked-for troubles; and even the generous provision of 
lightning arresters, especially on the extra-high-tension lines, is 
not always good policy. Simplicity and the avoidance of 
unnecessary joints, rubbing contacts (as in switches or cutouts), 
fuses in the stations, and spark gaps or arresters along the line 
should generally be aimed at; but there will always be exceptions 
to such rules. 

22. Economy in Design.— (Since the transmission system which 
is the cheapest in first cost is not necessarily the most economical, 
it may be well to consider briefly what is meant by the most 
economical transmission line. The cost of energy lost in trans¬ 
mission may be calculated approximately and expressed as a 
definite annual expenditure of money if the amount of the energy 
losses and the cost of this energy are known. The total amount 
of money spent on the line itself, including (if required) the cost 
of the step-up and step-down transformers at the sending and the 
receiving ends, is either known or may be estimated without 
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much diflBculty, and, in order to compare this with the cost of the 
lost energy, it may also be put on an annual basis by making a 
proper allowance for some or all of the following items: 

a. Interest on capital invested, 

h. Depreciation, which is dependent upon the ^Mife” of 
the plant and may include what is usually understood by 
^^obsolescence,” 

c. Taxes, 

d. Insurance, 

e. Maintenance. 

Thus two distinct items of cost have to be accounted for: (1) the 
yearly cost of the energy lost in transmission and (2) the yearly 
cost of the physical plant or property consisting of the line itself 
and (usually) the step-up and step-down transformers, and also 
such portions of the generating plant itself as may be considered 
necessary to supply the power losses in the line. Assuming that 
the line is designed to perform its function efficiently, then it is 
obvious that the engineer's task is accomplished when he has 
constructed a transmission line for which the sum of the cost items 
(1) and (2) is a minimum. ^ 

The problem, of which the above is a general statement, 
cannot be solved by the simple substitution of numerical values 
in mathematical formulas, however imposing and worthy of 
respect these may appear. That is because there are too many 
variables and possible alternatives and indefinite quantities to be 
taken account of. The problem is one requiring engineering 
experience and judgment, and it is usually solved by making 
estimates for several alternative designs and selecting the one 
which conforms most nearly to the requirement of minimum total 
annual cost. 

C^mong the many considerations affecting the design of an 
efficient and economical transmission Une may be mentioned: 
the location of the line; the choice of system of transmission, 
frequency, voltage, and type of construction; the most economical 
spacing of poles or towers, and the most economical material and 
eross^-section of the conductors. The question of duplication of 
circuits, either on the same pole line, or on two-pole lines running 
parallel on the same right of way, or, again, on two lines following 
different routes, is largely an economical One.> Another matter of 
considerable importance is the control of power factor by varying 
the excitation of synchronous machinery connected to the system. 
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This is not to be decided entirely on the basis of annual cost, 
because of its relation to voltage regulation (to be explained in 
a later chapter), but, nevertheless, it should be noted that 
although improved power factor will reduce the I^R losses (by 
reducing the current for a given power output), the cost of the 
synchronous condensers required to bring about this result may 
counterbalance the saving in the cost of the energy losses. 

23. Length of Span.—The choice of system and frequency need 
ifbt be discussed here because the a.c. three-phase system has 
proved its superiority for transmission purposes, and 60 cycles 
is becoming the standard frequency in this country. It is the 
frequency which is almost certain to be adopted by all the so- 
called superpower networks of the near future, and all new lines 
should, if possible, be planned for a frequency of 60. The 
possibilities of transmitting by continuous currents will be 
considered in a later chapter. 

long-distance transmission must necessarily be by overhead 
conductors because of the higher cost of underground qi^bles and 
the difficulties of insulation for very high voltages. J The struc¬ 
tures for supporting overhead conductors may be of wood, steel, 
or reinforced concretej. The wood supports may consist of single 
poles spaced 120 to 300 ft. apart, or they may be A or ILfrOJaxes 
built up of two poles suitably braced, and capable of supporting 
longer spans: The steel poles may be of simple tubular type, or 
may be built up of several tubes or angles with the necessary 
bracing. The more common construction for high-pressurcj 
transmission lines consists of light-braced towers with wide 
rectangular bases, except where the flexible^' type of structure 
is adopted^) These flexible towers are modeled generally on the 
A and H types of double wood-pole supports. It is by no means 
an easy matter to decide upon the most suitable type of supporting 
structure to be used on any particular transmission scheme. In 
some cases a composite line including two or more types of 
support may be found advantageous. [A^ong the factors 
influencing the choice of the supporting structures may be 
mentioned the character of the country, the means and |acilities 
of transport, climatic conditions, the nature of the soU,>nd the 
scarcity or otherwise of suitable timber in the district through 
which the line will pass, '^^he type of supporting structure for 
overhaad conductors, togeth er with the height, strength , and cost 
of the individual poTe or tower, will be dependent upon the span 
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or distance between the supports. The determination of the 
average length of span is indeed a very important economic 
question. The material of the conductor will, to some extent, 
influence the choice of span length, because aluminum conductors 
will usually have a greater summer sag than copper conductors, 
and this will necessitate higher supports to give the same clear¬ 
ance above ground at the lowest point of the span. In consider¬ 
ing span length, the first cost of the individual support is not the 
only question which has to be taken into account; the cost of 
maintenance is almost equally important. The longer the span, 
the fewer will be the points of support; and if the line is well 
designed and constructed, there should be less trouble through 
faults at insulators. On the other hand, the cost of rep ^iirs when 
tha. ^pans are long is generally considerably higher than on short- 
span lines."~"7Cgam’ ^ paid for ^oles placed oi^ 

private property, it is generally the rent per pole apart from the 
size of pole which has to be considered, and this is another factor 
in the determination of the best length of span. In level country, 
the economic span for high-voltage lines is usually between 600 
and 800 ft. The greater the tensile strength of the conductor, the 
longer will be the economic span. Thus, where 600 ft. might be 
the best span for aluminum conductors, 800 ft. would probably 
be best for copper, and even longer spans for steel-cored stranded 
aluminum conductors. Average spans of 750 to 850 ft. 
are not unusual on 110,000-volt transmission lines, and the 
tendency on high-voltage systems is to use conductors of high 
tensile strength on long spans, in order to reduce as far as possible 
the number of insulators. Obviously,hilly or undulating 
country, very much longer spans are permissible and, by careful 
planning of the route and tower locations, considerable saving in 
cost may be effected by the use of long spans without increasing 
the height of the towers> On short low-voltage lines, large spans 
may not prove to be economical. It is sometimes advantageous 
to increase the number of supports in order that these may be so 
light in weight as to be easily handled and quickly erected. The 
fact that repairs, can be carried out more easily and at less cost 
on short-span lines should not be overlooked when deciding 
upop the average span length. 

^^he height of towers in level country depends upon (1) the 
minimum clearance between the lowest conductor and ground 
when the isag is greatest; (2) the voltage, since this has an effect 
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on the spacing of the conductors and also to some extent on the 
clearance above ground level; and (3) the maximum sag. This 
last is determined by the length of span, the material and size of 
the conductors, the range of temperatures, and climatic condi¬ 
tions generally\j| 

^ 24. Cost ofTransmission Line Supports.—Formulas have been 
proposed for estimating the height and cost of steel poles and 
towers, but all such formulas must necessarily be confined to one 
particular type or design, and they are likely to be used without 
due regard to their limitations. The weight and cost of the 
individual tower will depend upon the force tending to overturn 
the tower, and the height above ground, or leverage, at which this 
force acts. A strong wind blowing across the line will exert 
pressure on the tower structure itself, and in addition to this 
there will be the pressure on the wires which will be transmitted 
to the tower at the points of attachment of the insulators. Thus, 
the number and size of the conductors and the length of span are 
very important factors in determining the tower design. The 
longer spans involve a greater sag of the wires and, therefore, 
taller towers to give the same clearance above ground. High 
voltage, with greater spacing between wires and (usually) 
greater clearance above ground, also requires taller towers and 
heavier cross-arm structures. Given that, in all cases, the most 
economical span is adopted, it might be possible to evolve a 
formula giving approximate tower weights or costs in terms of the 
transmission voltage, together with the number, material, and 
size of the conductors; but a formula of this type is usually of 
service only to the experienced engineer who can interpret it 
with judgment based on past experience. As a rough guide to the 
necessary tower height, the following formula may be used: 

// = 30 + 0.3 kv. (16) 

where H is the distance in feet from the ground level to the top 
of the tower, and kv. stands for the pressure between wires in 
kilovol^2 weight of towers for two-circuit three-phase lines 
operating at about 88,000 volts may be anything from 3,000 to 
6,000 lb., depending upon the diameter of the conductors and the 
length of span. For rough preliminary estimates, the cost of stee) 
towers erected in position may be taken at about S8 per 100 lb. 
(which includes 1.5 cts. per pound for erection), while the latticed 
steel poles which can be handled and erected much in the same 
manner as wood poles would cost from 6 to 7 cts. per pound erected. 
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The cost of foundations for towers varies greatly. For fairly 
high steel towers with wide square bases in soil not requiring the 
use of concrete, the cost of excavating, setting legs, and back¬ 
filling, not including the erection of the towers on the prepared 
foundations, will generally be between $20 and $40; but, taking an 
average of all towers, including dead-ending and corner struc¬ 
tures, the allowance for foundations should be about one-sixth of 
the cost of the towers. 

Cost of Wood Poles .—The price of wood poles at the present 
time is greatly in excess of what it was ten years ago. It depends 
upon the kind and quality of the wood. For the purpose of 
preliminary estimates, the approximate prices of chestnut or 
cedar poles are given below; 


30 ft 
35 ft 
40 ft 
45 ft 
50 ft 
55 ft 
60 ft 


$12 

15 

18 

22 

26 

30 

34 


An amount varying from $6 to $15 should be allowed to cover 
unloading, hauling to site, ^^framing,’’ digging holes, and erecting. 



0 10 20 so 40 50 60 70 so 90 100 120 140 160 180 200 220 


Lina Pressure ~KUo-volts. 

Fig. 15.—Approximate cost of line insulators. 

Cost of Insulators. —Makers’ catalogues and current price lists 
should be consulted when getting out preliminary estimates^ 
but the curve (Fig. 16) gives approximate average prices of insula¬ 
tors complete with pins or suspenraon links. The prices are per 
insulator, or per string of suspen«on>type units. The suspen- 
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sion type of insulator is almost universally used for pressures 
above 50,000 volts, and even in many instances for lower voltages. 

25. Total Cost of Transmission Lines. —The approximate 
costs given in this chapter are :^t intended to take the place of 
manufacturers^ catalogues and current quotations. The cost of 
labor is a variable quantity, but recent estimates and actual 
costs of finished work may frequently be found in the technical 
journals. It is proposed to consider in this article the manner 
in which the most economical design of transmission line may 
be determined; the fact that conditions of transportation of mate¬ 
rials and the quality of labor differ widely makes it impossible to 
give exact cost figures even for a limited period. It would seem, 
however, that the following examples of preliminary estimate 
for a complete line may be useful as a basis on which similar 
estimates may be made. 

Preliminary Estimate 1 

Wood-pole transmission line, 20 miles long, carrying one 
three-phase line. Line pressure 22,000 volts. Average span 
176 ft. There is no grounded overhead guard wire; but two tele¬ 
phone wires are carried on the same set of poles.. An allowance 
of 20 per cent is made for extra insulators and fixtures to permit of 
doubling these on corner poles and in other selected positions. 


Materials (Excluding Conductors), per Mile 

30 creosoted cedar poles, 35 ft. long, 8 in. in diameter at top.. $ 430 

36 cross-arms 3H by 4}^ in. by 4 ft. long. 25 

72 galvanized-iron braces, 1J4 hy }^i by 28 in. long. 7 

The necessary galvanized screws, bolts, and washers. 10 

1,200 ft. galvanized seven-strand ^ e-in. guy wire. 17 

10 anchor rods with nuts and washers and the necessary timber 

for anchor logs. 25 

The necessary galvanized guy clamps with bolts and stand¬ 
ard thimbles for guy wire. 4 

16 galvanized-iron lightning conductors with l>olts. 5 

16 ground plates or galvanized-iron pipes. 15 

Sundry materials, including allowance for breakages and 

contingencies.... 25 

60 telephone-wire insulators (glass) with brackets (wood) and 

5-iiL nails. 10 

108 high-tension porcelain insulators.1. 65 

• 72 galvanized-iron insulator pins. 17 

36 special pole-top insulator pins with bolts. 21 

Total material cost (excluding conductors), per mile.... $ 676 
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Labor Cost, per Mile 

Distributing materials along the line, trimming poles, 
cutting gains, drilling holes, setting cross-arms, digging 


holes and erecting poles, including the necessary guying.. . $ 200 

Fixing insulators and stringflhg wires, including telephone 

line. 140 

Supervision and sundry small labor items. 40 

Loss and depreciation of tools. 20 

Management and preliminary engineering work. 40 


Cost per mile for charges other than materials, excluding cost 


of right of way, clearing right of way, and interest on 

capital invested during construction period. S 440 

Total coat per mile (material and labor), excluding cost of 

conductor material. $1110 

Conductors 

16,000 ft. No. 1 hard-drawn copper; 700 ft. No. 4 soft copper 
(for ties); 10,800 ft. No. 10 copper (for tele?phone circuit); 

4,550 lb. at $20 per 100 lb. 910 


Total cost per mile of finish(Ml line, excluding cost of right of 

way. $2,026 


Prelimix^ahi" Estimate 2 

Flexible-type steel-tower line, 60 miles long, with two sets 
of three-phase conductors. Line pressure 80,000 volts. Average 
span 480 ft. Spacing between wires 8^^" ft. A Siemens-Martin 
steel cable, acting as grounded guard wire, joins the tops of all 
towers. Insulators of the suspension type. No telephone wires. 
Cost of right of way not included in estirhate. 


Materials (Excluding Conductors) 

10 flexible-type, galvanized-steel, A-frame towers at 

$120. $1,200 

1 galvanized-steel strain tower. 220 

Concrete foundations where necessary. 100 

5,600 ft. Ke-hi. galvanized Siemens-Martin steel strand 
cable for guard wire and head guys on half-mile 

flexible towers. 220 

4 anchor rods, complete with clamps and thimbles for 

guy wire. 10 

90 sets of suspension-type insulators, including strain 
insulators and small allowance for breakages, 

complete with clamps. 900 

Sundiy small items or speciAl material. 50 


Total material cost per mile of line.. $2,700 
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the labor on erection and stringing of wires, is independent of 
the actual size of conductor, then the only variable item in the 
capital expenditure is directly proportional to the cross-section 
(or weight) of the conductor, and since the PR losses (for a 
given current) are inversely proportional to the conductor 
cross-section, the law of maximum economy is greatly simpli¬ 
fied and in fact becomes Kelvin’s law, which may be expressed 
as follows: 

The most economical section of a conductor is that which makes 
the annual cost of the PR losses equal to the annual interest on the 
capital cost of the conductor material^ plus the necessary annual 
allowance for depreciation. 1 he cross-section should, therefore, 
be determined solely by the current which the conductor has to 
carry, and not by the length of the line or an arbitrary limit of 
the percentage full-load pressure drop. If there are reasons 
which make a large pressure drop undesirable, then, if necessary, 
economy must be sacrificed, and the line calculated on the basis 
of regulation only. 

If {rn) stands for the size or cross-section of the conductor 
(circular mils), the annual cost of the me tal ir^the cpnductojx 
per. mile of line may be written Kc(m), where Kc is a constant 
deferStnmed byTHe^st per pound of th£Condu^^^ the number 
of'condti'CTors"in the Hue, the interest on the purchase price of the 
conductors, the estimated ^^ife” of the line (depreciation allow¬ 
ance), and the probable scrap value of the conductors at the time 
when they will have to be replaced. 

The annual cost of the energy wasted in PR loss per mile may 

K 

be written 7 -^.? where Ke is a constant determined by the known 

(m) 

or estimated value of 7^, and the unit cost of the wasted energy. 

The total annual cost is 

, . K.(m) + 

from which it is seen that the annual cost will be high not only 
when (m) is very large (high cost of conductors), but also when 
(m) is very small (high cost of wasted energy) „ In order to 
obtain the minimum value of y, 


JM. - K- 

dim) ~ ' 
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Multiplying both sides of the equation by (m), and transposing, 
the condition of minimum annual cost is obtained: 

K) - 

which is Kelvin’s law as stated above. 

28. Economic IR Drop.—It is not generally realized that 
ylj^hen the size of a conductor is determined by the application of 
Kelvin’s law, the ohmic drop of pressure per unit length of 
conductor is independent of the actual voltage or the current 
to be carried and, therefore, bears no definite relation to the 
total amount of power to be transmitted. The economic 
data and assumptions alone determine the ohmic drop in volts per 
unit length of conductor, and this will be a constant quantity 
whatever the number of conductors or system of electric trans¬ 
mission adopted, the total amount of power to be transmitted, 
or the voltage ultimately decided upon. This fact very consider¬ 
ably simplifies the problem in its earlier stages. 

The equation (17) may be written in the form 



by which the economical cross-section of conductor could be cal¬ 
culated if the quantities Ke and Kc could be correctly evaluated. 
Annual Charges Depending upon Cost of Conductors, 

Let Cc = cost per pound of conductor; 

a == total percentage to be allowed for interest, deprecia¬ 
tion, etc., per annum; 

Wm, = weight, in pounds, per mile of conductor per circular 
mil of cross-section; 

(m) = cross-section of conductor in circular mils. 

Then 

Cost per mile of coaductor 1. » >< c, x ». X (») (18) 

expressed as an annual charge J 100 

Annml Cost of Lost Energy. 

Let C, = cost per kilowatt-year of the PR energy losses; 
I =» amperes of current in the conductor, being the known 
or estimated value of current which, when squared and multi- 
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plied by the conductor resistance, will represent the average rate 
at which energy is being wasted in the form of I’‘R loss; 


R = the resistance, in ohms, per mile of conductor. 


= kX 


mil-foot. 

Then 


5,280 

(m) 


where k is the resistance per circular 


Annual cost of energy lossl _ ^ y Pk X 5,28 0 
per mile of conductor 1 ~ * ^ 1,000 X (»0 


(19) 


For the condition of minimum cost, it is merely necessary to 
equate (18) and (19) as indicated by equation (17). This 
gives the economical cross-section of the conductor in circular 
mils per ampere as 


(m) _ f528k 

~T ~ 


X 


( 20 ) 


For stranded copper conductors with Wm = 0.016 and k = 
10.8 at 20°C., this becomes 

c: 


Circular mils per ampere (copper) = 597 


\aCa 


(20a) 


For stranded aluminum conductors, with Wm — 0.0048 and k = 
17.5 at 20°C., this becomes 

"a 


Circular mils per ampere (aluminum) = 1,385 


(20b) 


5 280 

Since the resistance per mile of conductor is == k- 7 — 

(m) 

substitute for (m) in equation (20) its value in terms of k and R, 
which leads to the expression, 


Economic/^dropper mile ^ ^ 

of conductor • ’ 


J 


/aCo 

V c. 


( 21 ) 


For stranded copper conductors at about 20®C. the economic 
voltage drop per mile is 

laC^ 

Economic IR drop (copper) = 95.6 (21o) 

and for stranded aluminum cable at the same temperature, 


y.. 


Economic IR drop (aluminum) » 66.5.1 


C. 


(21b) 


yii9. Economic Voltage and Calculation of Conductor Sizes.— 
Having ascertained what will be the most economical resistance 
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drop of pressure per mile of conductor without reference to the 
total amount of power to be transmitted, the size of the conductor 
cannot be determined unless the value of the current is known, 
and this will depend upon the pressure at which the energy will be 
transmitted. 

If the cost of the conductors forming the transmission line, 
and of the PR losses therein, were the only considerations, a high 
voltage would in all cases be desirable on account of the corre¬ 
sponding reduction of current for a given amount of energy to be 
transmitted. But, apart from the ext ra cost of the line dn e to 
the better insulation and wider spacing of wires required by the 
higher pressures, the cost of generation and transformation of 
high-pressure energy must be taken into account, and as tlie 
extra cost per kilowatt of equipment for generating at high pres¬ 
sures will depend largely upon the total output required, it 
follows that the most economical pressure will bear some relation 
to the total power to be transmitted. This is apart from the 
distance of transmission, which is the most important factor 
governing the choice of voltage. If the distance is great, it is 
obvious that the reduction of material cost and power losses in 
the line due to the employment of higher pressures will be rela¬ 
tively of far greater importance than the increased cost of plant in 
generating and transforming stations. On the other hand, 
the employment of very high pressures even on a comparatively 
long line might not be justified if the total amount of power 
to be transmitted were very small. 

As a first approximation, the writer has found the following 
formula useful in getting out preliminary estimates; the line 
voltage given by the formula agrees generally with modern 
practice. 

/ kw 

Line pressure (kilovolts) = 5.5 ylL + (22) 

This formula may be used for estimating the probable economical 
transmission voltage on lines over 20 miles in length. The sym¬ 
bol L stands for the distance of transmission in miles, while kw. 
stands for the estimated maximum number of kilowatts that 
will have to be transmitted over one pole or tower line. 

Given the amount of power to be transmitted and the length 
of line, it is possible with the aid of formula (22) to select the 
nearest standard voltage and proceed with the calculations for 
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curi’ent and size of conductor; but it is necessary always to bear in 
mind that a transmission line cannot be considered by itself; it 
must be treated as part of a complete scheme of transmission and 
distribution, and the best voltage to use on any given system can 
generally be arrived at only by a method of trial and error, taking 
into account the cost of the various parts of the complete system 
as influenced by alterations in the transmission voltage. No 
accurate formula can be evolved which would be applicable to 
all the varied conditions encountered in actual work; but a 
practical method of attaining the required end will be explained 
later. 

Example 6. Illustrating Quick Method of Determining Economic 
size of Conductors .—For the purpose of working out a practical 
example, the following assumptions have been made: 

Total kilowatts to be transmitted = 12,000. 

System, three-phase. 

Power factor = 0.8. 

Distance of transmission == 120 miles. 

Copper conductors to be used, the cost Cc being 20 cts. per 
pound. 

Percentage to be taken to cover depreciation and annual 
interest on cost of copper, a = 12.5. 

Estimated cost of wasted energy per kilowatt-year, Ce = $22. 

The economic voltage drop per mile of single conductor will be, 
by formula (21a), 

== 32.2 volts 

The transmission voltage as given by formula (22) is 
Kilovolts = 5.5 -^120 + 

= 85 

or, say, 88,000'volts at the receiving end. 

The current per conductor will be 

watts 

^ X X cos e 

12,000,000 
V3 X 88,000 X 0.8 
= 98.5 amp. 

IR 32 2 

Resistance of conductor per mile = -j- = = 0.327 ohm, 
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and since No. 3-0 B. <fe S. wire has approximately this resistapce 
per mile, that is the standard size which should be adopted 
unless a more careful study of the complete scheme should lead 
to a different decision in regard to the pressure of transmission. 

Since, for a given amount of power to be transmitted, the 
current will vary inversely as the pressure, it follows that the 
resistance per mile of conductor to give the economic voltage 
drop per mile (32.2 volts in this particular example) will be 
directly proportional to the pressure at which the power is 
transmitted. Thus, if 110,000 volts were found to be a more 
economical pressure than 88,000, the ohms per mile of conductor 


would be 


0.32 X 110 
88 


= 0.4, the nearest standard size being 


No. 2-0 (ohms per mile = about 0.41 at 60°F.). 

Poiver Lost in Line ,—The total PR loss in the three conductors, 
based on the calculated value of the resistance, is 


3 X length of line X / X economical IR drop per mile 
= 3 X 120 X 98.5 X 32.2 
= 1,140 kw. 

on the assumption that a transmission pressure of 88,000 volts 
is adopted; and since the total kilowatts transmitted are 12,000, 
the percentage power loss is 


1,140 X 100 

12,000 


9.5 per cent 


Voltage Regulation ,—The power loss expressed as a percentage 
of the volt-amperes transmitted is 9.5 X 0.8 = 7.6 per cent, 
which is also the IR drop in the line conductors expressed as a 
percentage of the line voltage. This figure alone does not, how¬ 
ever, give much indication as to what will be the actual regulation 
of the line, as the effects of inductance and electrostatic capacity 
must be taken into account and the resultant difference of pres¬ 
sure between the transmitting and receiving ends of the line 
calculated as explained in Art. 18 of Chap. II for short lines, and 
more fully in Chap. IX where the effects of capacity are consid¬ 
ered. The resultant pressure drop may be found to be excessive; 
it may be such as cannot readily be dealt with in a practical 
scheme, and in such a case the economy of the line may have to 
be sacrificed by putting in larger conductors* 

It is obvious that other conditions may render it inexpedient 
or impossible to adopt the most economical size of conductor as 
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calculated by the application of Kelvin’s law, but in such cases 
experience and common sense will usually indicate the proper 
course to follow. If the economic size of wire is small, it is 
possible, but not probable, that there may be trouble due to 
excessive heating. A want of mechanical strength, or loss of 
power due to corona formation, is more likely to lead to the 
selection of a conductor diameter larger than the “economic 
size.’’ If, on the other hand, the conductor diameter is very 
large, there may be difficulties in handling and in taking the strain 
on the individual insulators. The remedy in tliis case is obviously 
to subdivide the single circuit into two or more parallel cir¬ 
cuits, and, in fact, there are many advantages in doing so rather 
than running very heavy single conductors. 

Again, even from the economic point of view, the case might 
arise of a temporary installation intended to give a quick return 
on capital invested, and an exceptionally small size of wire giving 
a large PR loss might produce the best results. This, however, 
leads to the consideration of the most important factor in the 
whole problem, namely, the correctness of the estimates of costs, 
depreciation a,llowances, and power transmitted, upon which 
the value of the calculated results will mainly depend. It is 
here that the experience, foresight, and sound judgment of the 
engineer must necessarily play an important part, and it is not 
possible in this chapter to do more than draw attention to impor¬ 
tant considerations which must not be overlooked. 

30. Estimation of Amount and Cost of Energy Wasted in 
Conductors.—The correct value of the power transmitted, from 
which to determine the value of the current I in formula (19) 
of Art. 28, is frequently very difficult to estimate. This is a 
point which is best considered when determining the cost of the 
wasted energy. It is, however, clear that the annual amount of 
energy wasted will depend not only on the average value of P, 
but also on the time during which the average amount of power 
may be considered as being transmitted by the wires. If, 
therefore, it is desired to estimate accurately the amount of 
energy wasted annually in the lines, a probable load curve for the 
year should be drawn and the average P calculated therefrom. 
This will give a value for I which, if considered as flowing in the 
wires continuously throughout the year, will lead to a certain 
watt-hour or yearly energy loss, the cost of which it is desired 
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to know. In practice the value of /, being the square root of the 
average taken throughout the year, is about five-eighths of 
the peak-load current. This is considerably less than the value 
obtained in the numerical Example 8 to follow, wherein the 
assumed load conditions are exceptional. 

Now, the annual cost of production of an additional electrical 
horsepower, considered apart from the total cost of production, 
is always difficult, if not impossible, to estimate accurately, but 
where coal is the source of energy, there is at least the extra cost 
of coal consumed to be taken into account when estimating the 
production cost of the lost energy. The case is different in a 
water-power generating station, where the cost of running the 
station at full output is very little in excess of the cost of running 
at one-quarter or one-tenth of maximum output, and it is even 
more difficult to decide upon a figure which shall represent the 
cost of wasted energy {Ce in the calculations) with sufficient 
accuracy to make the calculations of the economic conductor of 
real practical value. 

There are two points in connection with water-power proposi¬ 
tions which must never be lost sight of: 

1 . If the amount of water power available is limited, while the 
demand for power is unlimited, the cost Ce of the wasted energy 
may be taken at the price which the user would actually be pre¬ 
pared to pay for it were it available for useful purposes. 

2. If the water power is unlimited as compared with the 
demand for power, the cost of wasted energy is practically nz7, 
except for the fact that a generating plant has to be installed of a 
somewhat larger capacity than would otherwise be necessary; 
and the works cost of the wasted energy must, of course, include 
a reasonable percentage to cover interest and depreciation on 
this extra plant. 

31. Estimation of Percentage to Cover Annual Interest and 
Depreciation on Conductors.—So far as interest is concerned, 
if cash is to be paid for the conductors, the figure to be taken for 
interest on capital should be on a par with the expected percent¬ 
age profit on the complete undertaking; but if the conductors 
are mortgaged, it is the annual amount of the mortgage which 
should be taken. 

• 

In regard to depreciation, the probable life of the conductor 
must be estimated, and this, to a certain extent, may depend 
upon the life of the transmission line considered as a whole. 
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The manner in which the probable scrap value of the conduc¬ 
tors at the expiration of the ‘Tife^^ period affects the percentage 
to be allowed for depreciation will be explained in Art. 33. 

32. Sundry Cost Items Affecting Economic Transmission 
Voltage.—It should be clearly understood that the foregoing 
articles deal only with the determination of the correct size of 
conductors based on certain assumptions as regards voltage and 
power to be transmitted. The cost of generating and trans¬ 
forming plant and buildings, as influenced by the voltage, must be 
carefully considered, together with the type and cost of pole 
line, so far as these are influenced by tlu? size of the conductors. 
The character of the country, too, will have some bearing on the 
design of the transmission line, and the final choice of voltage 
may depend to some extent upon whether a wood-pole line with 
comparatively short spans and (preferably) small spacing between 
wires is likely to be more economical than a line with steel towers 
which will permit of longer spans with wider spacing between 
wires. In other words, the total cost of the whole undertaking 
and the total annual losses of energy from all sources, as influenced 
by any change of voltage, must be considered before the line 
pressure as given by formula (22) can be definitively adopted as 
being the most economical for the undertaking considered as a 
whole. 

When figuring on the best voltage for any particular scheme, 
the capital cost of all works, buildings, or apparatus, which is 
likely to be influenced by the transmission line pressure, together 
with all operating and maintenance charges which may be simi¬ 
larly influenced, must be taken into account. It will usually 
be found convenient to reduce all such costs or differences of 
cost to the basis of annual charges. 

The cost of a generating station of medium size, complete with 
all plant and machinery, but not including transmission line, 
may be anything from $50 to $250 per kilowatt installed. It will 
depend on total output, that is, on the size of the station, on 
location, and transport and labor facilities. The cost of a hydro¬ 
electric station will depend on the head of water, the amount of 
rock excavation, the size of dam, length of tunnels and penstocks, 
etc. 

The figures given in the accompanying table are approximate 
costs per kilowatt (excluding transmission line and all hydraulic 
works outside the power station buildings) for a medium-head 
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hydroelectric development suitable for a total output in the 
neighborhood of 10,000 kw. to be transmitted over two outgoing 
three-phase feeders. The usefulness of these figures lies mainly 
in the indication they give of the probable differences in cost 
with the variation of transmission line pressure. 

Approximate Cost op Hydroelectric Plant 


Transmission line voltage 



33,000 

66,000 

110,000 

Power station building, including 

1 



excavations.i 

$ 9.90 

$10.00 

$10.10 

Receiving station buildings includ- 




ing outdoor substations (if any)... 

2.95 

3.00 

3.15 

Switchgear (both ends of line). 

1.75 

2.00 

3.00 

Lightning arresters. 

0.55 

1.00 

2.00 

Transformers (both ends of line).... 

8.20 

9.50 

12.00 

Generators and exciters. 

15.00 

15.00 

15.00 

Cables in buildings, entering bush¬ 




ings, etc. 

2.00 

2.00 

2.50 

Crane, sundries and accessories, 




including cost of preliminary work 

4.80 

5.00 

5.25 

Turbines and hydraulic equipment.. 

16.00 

16.00 

16.00 

Total cost per kilowatt. 

$61.15 

$63.50 

$69.00 


Annual Charges Depending on Voltage ,—The annual charges 
which should be considered when determining the most economical 
transmission voltage may be suinmarized as follows: 

1. A percentage (interest and depreciation) on all capital 
expenditure, whether for generating station, transmission lines, 
or receiving stations, which is not constant for all voltages. 

2. The yearly cost of the energy loss in the transmission line. 

3. The yearly cost of energy loss in generators and transformers 
(the eflficiency of the electrical plant will not necessarily be the 
same for all voltages). 

4. The yearly cost of maintenance and operation. This may 
depend upon length of spans in transmission line, and on the 
necessary plant, switchgear, etc, to be attended to and kept 
in working order. 

33. Depreciation.—Depreciation is the loss of value or. com¬ 
mercial utility due to deterioration with age* The term may 
be used to cover loss of value resulting from very different causes. 
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A distinction should be made between natural and functional 
depreciation. 

Natural or physical depreciation is the loss of value due to 
physical or chemical changes which, in time, will render the 
machine or plant practically useless. Atmospheric changes, 
alternations of heat and cold, wear and tear, erosion, rust, 
decay, and electrolysis are causes of natural depreciation. 

Functional depreciation is the loss of value due to the fact 
that, with the lapse of time, the machine, plant, or structure 
under consideration does not function as efficiently as when it 
was first put into use, or as efficiently as it should function 
to compete with improved methods or apparatus. It may 
become inadequate owing to rapid growth in the demand for the 
service which it is intended to render; or it may become obsolete. 
Thus, functional depreciation may be due either to inadequacy 
or to obsolescence, A machine or structure becomes obsolete 
owing to scientific or artistic developments, ?\e., inventions. It is 
practically impossible to predict a future state of development in 
any branch of engineering, and the proper amount to allow for 
depreciation is largely a matter of guesswork based upon previous 
experience. A sinking fund for the creation of a depreciation 
reserve should be formed by placing annually at compound 
interest a certain sum of money which, at the end of the estimated 
life of the structure or plant, will reproduce the sum originally 
invested. The formula for calculating depreciation is 


D = 


lOOr 


(23) 


(1 “h r )^— 1 

where r is the interest rate, n is the estimated ^^life'^ of the plant 
or machine, being the number of years during which interest is to 
accumulate, and D is the amount in dollars to be set aside at the 
end of each year in order to produce $100 at the end of n years. 

The accompanying table gives values of D for interest rates of 
4, 5, and 6 per cent. It is assumed that, at the expiration of the 
term of years, the value of the works or materials under con¬ 
sideration will be nil. 

Although it is rarely necessary to consider scrap values, an 
exception should be made in the case of copper conductors for 
transmission lines. If P is the price originally paid for the 
conductors including the cost of erection, and S is the estirnated 
net value of the scrap copper at the end of n years, it follows that 
the sum to be provided by the annual allowance for depreciation 
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Depreciation Table 

(On basis of 4, 5, or 6 per cent compound interest earned by money put aside 

annually) 


Life, years 

Depredation, per cent 

1 4 per cent interest 

5 per cent interest 

6 per cent intere.st 

5 

18.45 

18.05 

17.75 

6 

15.10 

14.70 

14.30 

7 

12.65 

12.25 

11.90 

8 

10.85 

10.45 

10.10 

10 

8.32 

7.95 

7.58 

12 

6.65 

6.28 

5.92 

14 

5.47 

5.10 

4.76 

16 

4.58 

4.23 

3.90 

18 

3.90 i 

3.55 

3.24 

20 

3.35 

3.02 

2.72 

22 

2.92 

2.60 

2.30 

24 

2.56 

2.25 

1.97 

26 

2.25 

1.96 

1.69 

28 

2.00 

1.71 

1.46 

30 

1.78 

1.505 

1.265 

32 

1.595 

1.325 

1.100 

34 

1.430 

1.175 

0.960 

36 

1.285 

1.045 

0.840 

40 

1.050 

0.828 

0.646 

45 

0.827 

0.627 

0.470 

50 

0.655 

0.477 

1 

0.344 


is no lonjrer P, but P — S, Therefore the percentage deprecia¬ 
tion should be 

(24) 

where D is the depreciation as given by the table or calculated 
by formula (23), and D' is the proper depreciation to allow when 
the scr^p value is taken into account. 

Ec^fn'ple 7. Illudrating Application of Formula (24).—The 
cost of No. 00 copper conductor, delivered on site, is 20 cts. per 
pound, and the cost of stringing the three conductors of a three- 
phase transmission is $100 per mile. The ^Tife^^ of the line is 
estimated at 16 years at the termination of which the scrap value 
of the salvaged copper is assumed to be 13 cts. per pound. The 
estimated cost of labor salvaging the copper is $50 per mile of line.' 
From the wire tables the weight per mile of No. 00 copper con¬ 
ductor is found to be 2,165 lb. The cost per pound for erection is, 
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therefore, 


100 


1.53 cts., and the labor cost of salvaging 


2,165 X 3 
the copper is 0.765 ct. per lb. 

Assuming 5 per cent interest on the money set aside annually, 
the percentage depreciation as given in the table is 4.23 which, 
when corrected by formula (24), gives 

D' = = 2.025 


This would, therefore, be the proper percentage to allow for 
depreciation on the basis of the estimated value of the scrap 
copper. 

The ^Tife^^ in years of aa;v part of a machine or structure is 
very difficult to estimate. It is here that the distinction between 
natural and functional depreciation becomes important, because 
whichever one appears to indicate the shortest life should be 
considered to the exclusion of the other. Thus, the life of wood 
poles—liable to decay and attacks by insects—will lead to the 
allowance for natural depreciation being larger than for func¬ 
tional depreciation, and the latter can, therefore, be ignored. But 
there are many kinds of plants, such as generators of inefficient 
design or insufficient capacity, of which the life determined on a 
basis of functional depreciation is shorter than the probable 
period during which the cost of maintenance and repairs would not 
be excessive, and it is then the natural depreciation which should 
be ignored. 

^/34. Method of Determining Most Economical Transmission 
Voltage. Example 8.—Consider the case of a typical medium- 
head hydroelectric power station: 

Distance of transmission == 50 miles. 

Three-phase line with copper conductors. 

Cost of copper conductors = $20 per 100 lb. 

Power demanded = 15,000 hp. or 11,200 kw. (It is assumed 
that this power will be required continuously day and night for 
industrial purposes, and that it is the probable limit of the water 
power available.) 

Power factor = 0.8. 

Selling price of power == $21 per horsepower-year. 

Interest on capital invested; allow 7 per cent. 

The economic IR drop per mile of single conductor as given 
by formula (21a) is 


IR . 96.5^5g 
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Where Cc is the price in dollars of 1-lb. weight of conductor (in 
this example Cc = 0.2), a is the percentage to cover annual depre¬ 
ciation and interest on cost of conductors, and Cc is the cost per 
kilowatt-year of the wasted energy. The proper value for a 
may be arrived at by estimating the term of years corresponding 
to the life of the conductors, at the end of which they are supposed 
to be of no value. Taking 16 years as the life of the conductors, 
the depreciation to be allowed according to the table is 4.23, 
which would be the proper value to take on the basis of 5 per 
cent compound interest if the copper wire has no scrap value at 
the end of this time. It is very difficult to estimate the scrap 
value of conductors 16 years ahead. Apart from the market 
quotations which may then, determine the price per pound of the 
metal, the fact that the transmission line is very likely a long 
way from the place where there is a demand for the copper must 
not be overlooked. Not only must the labor cost of removing 
the wires from the poles, together with the transportation charges, 
be deducted from the price obtainable for the copper, but a 
further deduction should usually be made to cover, in whole or 
in part, the cost of stringing the new conductors. Assuming the 
net amount likely to be obtained from the sale of the scrap copper 
to be $6 per 100 lb., the proper allowance for depreciation‘will be 
4.23 X 14 _ 

20 ^ ^ 

which makes 

a == 7 + 2.96 = say, 10 per cent. 

With regard to Ce, if the demand for power were equal to the 
available supply from the time the power plant is put into opera¬ 
tion, the works cost of waste power would be the same as the 
selling price; but, if it is assumed that the supply exceeds 
the demand during the first 4 years of operation, and that the 
cost of waste power during this period is only $7 per horsepower- 
year,^ the average cost of wasted power during the 16 year 
life of the conductors should be arrived at by estimating the 
current and power loss for each year that the plant is in operation. 

^ The actual works cost of the wasted power is always difficult to deter¬ 
mine exactly. It must, however, be remembered that even with unlimited 
power, and no appreciable increase in maintenance and operating charges 
with increase of losses, the greater capital cost of the plant installed to 
provide this waste power has to be taken into account and expressed in the 
form of an annual charge per kilowatt wasted, whether this waste occurs 
in the generating and transforming plant or in the line itself. 
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A first approximation to the required line voltage may be 
obtained by formula (22): 

Kilovolts = 5.5 .^distance in miles + —— 

= 70 

The current will be 

7 - i^i^owat ts tra nsmi tted 
Vi X 70 X~0.8 
_ kilowatts 

~ "" 97 ” 

The line losses will be proportional to Py and in order to arrive 
at a suitable value for Ce for use in formula (21a), the demand for 
power during the first 4 years of operation (before the hydrau¬ 
lic plant is utilized to its possible limit) should be estimated, and 
a table constructed as below. An average figure may be assumed 
for power supplied during any given period of 12 months. 


1 

2 

3 

4 


Estimated 



Period 

kilowatts 

demanded 

Current / 

X years 

First year. 

4,000 

41.3 

1,710 

Second year. 

5,000 

51.6 

2,660 

Third year. 

6,000 

61.8 

3,820 

Fourth year. 

1 8,000 

82.5 

6,800 

Fifth to sixteenth year.. 

11,200 

115.5 

160,000 


Total = 174,990 or, say, 175,000 


The total of the figures in the last column covering the 4 
years during which the cost of waste power is estimated at $7 
per horsepower-year, is 14,990, or, say, 15,000, as compared with 
160,000 for the period of 12 years during which the cost of the 
wasted power will be $21 per horsepower^year. A reasonable 
value to take for Ce is, therefore, 

05 X 7) + (160 X 21) ^ . 

“ 175 X 0.746 ^ 


where the figure 0.746 is merely for the purpose of converting 
cost per horsepower into cost per kilowatt. 
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The economic resistance pressure drop, by formula (21a) is, 
therefore, 


- 95.5 




10 x' o^ 

26.5 


= 26.2 volts per mile 

It is well to note that the economic voltage drop does not 
correspond, in this particular example, to the full-load ohmic 
drop of pressure. The current which causes the ohrnie drop 
of 26.2 volts per mile may bo calculated as follows. The average 
value of P is the total of column 4 in the above table, divided 

by the number of years, namely, = 10,930, tlie square 


root of which is 104.5, and this is the figure for current to be used 
in the preliminary power-loss calculations, instead of 115.5 which 
is the full-load current. The line may, therefore, be considered 
as transmitting continuously \/3 X 70 X 0.8 X 104.5 = 10,130 
or, say, 10,000 kilowatts. 

On the basis of a current I = 104.5 amp. and an IR drop of 
26.2 volts per mile, it follows that the conductor should have a 


resistance 


. 26.2 
104.5 


ohm per mile. 


The nearest 


standard size of copper conductor is No. 0000 with a resistance 
of 0.26 ohm at 60®F. The weight per mile is 3,448 lb.; therefore, 
at 20 cts. per pound, the cost per mile is 3,448 X 0.2 = $689.60 
and the annual cost of the conductor material for the complete 
50-mile three-phase line will be 0.09 X 689.6 X 3 X 50 = $9,300. 
The total annual charges, including losses, assuming Kelvin's law 
of economy to be satisfied, will be twice this amount, or $18,600. 

For a particular value of the economic IR drop—in this 
example 26.2 volts per mile of conductor—the proper size of wire 
for any other transmission voltage is easily found. The economic 
resistance per mile for a pressure of 70,000 volts (current = 
104.5 amp.) was found to be 0.251 ohm. Therefore, for any other 

70 000 

line voltage E, the current would be 104.5 X —^— If the line 


voltage is 88,000 instead of 70,000, the economic ohms per mile 
would be 0.315, the nearest standard size of conductor being 
No. 000, with a weight of 2,730 lb. per mile. The total annual 

2 730 

charges on the line would be 18,600 X = $14,700. 

t)i44o 
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By raising the voltage to 110,000, the economic resistance will 
be 0.251 X = 0.394 ohm per mile, the nearest standard size 
of copper conductor being No. 00 with a weight of 2,165 lb. per 

C\ 1 

mile and a total annual cost of 18,600 X o’-Jlc ~ Sll,650. 

Thus, by increasing the transmission line pressure from 70 
to 110 kv., an annual saving of 18,600 — 11,650 == $6,950 is 
effected; but it remains to be seen whether or not the increased 
cost of other portions of the complete plant, due to the raising of 
the line pressure^ will be less than the saving due to reduced weight 
of copper and smaller PR losses in the line. 

In order to take into account the first cost, life, annual mainte¬ 
nance, and operating charges of every portion of the complete 
undertaking which may be affected by a change in the transmis¬ 
sion voltage, the costs—worked out on an annual basis—may be 
arranged in tabular form as here shown. This tabulation shows 
clearly that the total charges for the 70,0()()-volt equipment are 
lower than for the two higher voltage equipments. The total 
annual coasts and the trend of the various cost items indicate that 
a voltage appreciably lower than 70,000 would almost certainly 
lead to a higher annual cost. Thus, a pressure in the neighborhood 
of 70 kw., for which standard apparatus could be purchased, is 
the most economical for the particular transmission line con¬ 
sidered in this example. 

It will be understood that the accompanying estimate of total 
annual charges of the three selected voltages does not include any 
items other than those that are liable to vary with changes in 
the line voltage. An estimate covering the complete under¬ 
taking would, in addition to the items named, have to take 
account of riparian rights for dam, reservoir, etc.; preliminary 
legal and other expenses; cost of providing proper access for mate¬ 
rials to site of works; dam and hydraulic works outside station 
building; turbines; electric generators and exciters; auxiliary 
plant; sundries and contingencies. 

In the case of a short-distance transmission with a line pressure 
not exceeding 13,200 volts, and the possibility of winding the 
generators for the full pressure, the relative costs and efficiencies 
of generators wound for different voltages should be taken into 
account. 
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Yearly cost of operation and maintenance; 

Right of way and clearing. Total annual charges $54,790 $55,380 $58,410 
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, 36. Economics of Power-factor Correction. —If energy is trans¬ 
mitted through a circuit of resistance R ohms, the loss of power is 
w == PRj while the useful power hW — El cos d where E = the 
voltage, I = the current in the circuit, and cos $ = the power 
W 

factor. Thus I = ri -and the losses in the circuit may be 

E cos 6 


written w = 


W^R 


which is similar to formula (6) developed in 


E^ cos^ 6 

Art. 9 of Chap. I. Given a definite amount of power transmitted 
at constant voltage, the PR losses are seen to be inversely propor¬ 
tional to the square of the power factor. Thus, if the losses are 
100 kw. when the power factor is 0.65, they may be reduced to 

100 X 9 = 46.7 kw. if the power factor can be raised to 0.95. 
( 95 )^ 



Fig. 17.—Vector diagram for power factor correction. 

If, on the other hand, the losses in the circuit remain the same, an 
improvement in power factor means an increase in the kilowatt 
capacity of the generating plant and transmission line. 

A low power factor, which is due to inductive reactance in the 
circuit, may be corrected by insts^lling condensers to take a leading 
current component which will partly or wholly balance the lag¬ 
ging current component due to inductive reactance. Static 
condensers may be used, or synchronous condensers, or synchro¬ 
nous motors with variable field excitation so that leading current 
components may be drawn from the line. 

Condensers are rarely used for the sole purpose of reducing 
PR losses; the question of power factor control on large high- 
voltage systems is usually considered in connection with pressure 
regulation. From the economic point of view, the fundamental 
principle involved is simply this: Will the entire annual cost due 
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to power-factor correction by the installation of condensers be 
less than the annual saving due to reduction of energy losses? 
As an alternative, the possibility of larger conductors should be 
considered, and the cost of this method of reducing F'R loss 
compared with that of the condenser equipment. 

Calculation of Required Condenser Capacity .—In the diagram 
Fig. 17, lines drawn horizontally represent in-phase components 
of current (or power), while lines drawn vertically represent 
reactive components of current (or power). If cos 0 is the power 
factor before correction and cos S' is the power factor after cor¬ 
rection, it follows that the reactive condenser current (or volt- 
ampere capacity of the condenser) is indicated by the length 
BC in the diagram,^ 

The delivered power is W — El cos 0 = EE cos S', and the 
ratio of the total (line) currents is 

r _ cos S 
1 cos S' 

The ratio of ER losses before and after power-factor correction is 



for the same kilowatt's of delivered power. 

The reactive current taken by the condensers is 
BC = OA(tan S — tan S') 
or 

Condenser capacity, in kilovolt-amperes = 

power delivered, in kilowatts (tan S — tan S') (26) 

Calculations for power-factor correction may conveniently be 
made without reference to trigonometrical tables by sketching 
a diagram such as Fig. 17 and then calculating the in-phase and 
reactive components separately. 

^/Example 9. Reduction of Looses by Power-factor Correction .— 
Suppose a 10,000-kw. load of 65 per cent (lagging) power factor is 
delivered through a transmission line in which the losses are 
10 per cent, or 1,000 kw. What is the necessary kilovolt-ampere 
capacity of static or synchronous condensers to be connected at 
the receiving end in parallel with the load, in order that the line 
losses shall be reduced to 700 kw. ? 

Referring to Fig. 17, and considering the vectors to represent 
kilovolt-amperes instead of amperes, note that if the kilowatts 

^ A more detailed treatment of the effects due to capacity in a circuit 
containing resistance and inductive reactance will be found in Chap, IX. 
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= 15,400, and the 


{OBY = 


are OA = 10,000, the vector OC is = 15,400, and the 

0.65 

reactive kilovolt-amperes with the original power factor are 
AC = V'OMOO? ~ (10,000)2 = 11,700 

In order to obtain the desired reduction of losses, write 

^ ^ 1 , 000 ^ ^ 

or {GAY + {ABY = 0.7(OCY 

Thus AB == = 8,120 kv.-a. 

The reactive (leading) kilovolt-amperes required, being the 
condenser capacity to be provided, is therefore (AC — AB)=^ 
11,700 - 8,120 = 3,580 kv.-a. 

Example 10. Comparative Costs of Condenser Equipment and 
Increased Size of Conductor. —Consider a 66,000-volt three-phase 
transmission line 50 miles long supplying a 10,000-kw. load of 
70 per cent power factor. The line consists of three No. 0000 
copper conductors, the resistance per mile of single conductor 
(at OO'^F.) being 0.26 ohm. 

The current per conductor is 7 = - ---= 125 amp., 

\/3 X 66 X 0.7 

. - w 1 r2i;> 1 3 X (125)" X (0.26 X 50) , 

and the total PR losses are-^- - = 610 kw. 

1,000 

Assuming the cost per kilowatt-year of the energy losses to 
be $25, the total annual cost of the energy lost in transmission is 
610 X 25 = $15,250. 

Now suppose power-factor-correcting apparatus to be installed 
at the receiving end of the line to raise the power factor from 0.7 
to 0.95, and see (1) what saving of annual cost (if any) can be 
effected by this means, and (2) how the installation of condensers 
compares with additional copper in the line if it is desired to 
provide for a heavier load at the receiving end. 

1. Referring to Fig. 17 and formula (26), the factor by which 

the kilowatt load at the receiving end must be multiplied to 

obtain the necessary kilovolt-ampere capacity of the corrective 

apparatus (synchronous condenser) is the quantity (tan 6 — 

tan If It is desired to avoid reference to trigonometrical 

tables, write _ 

. . sin 0 \/l — cos" 6 

tan 0 =--T- 

cos 0 cos 0 
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Similarly, 


tan 6' 


\/l - (0.95) 
0.95 


0.329 


whence tan S — tan = 0.691 

and the required capacity of the condenser equipment = 0.691 

X 10,000 = 6,910 kv -a. 

On the basis of 12 per cent for interest and depreciation, the 
annual cost of this equipment would be approximately as follows: 

7,000 kv.-a. s3nQchronous condenser, in position, with 
necessary switchgear, etc., at S5 per kilovolt-ampere... $35,000 


Interest and depreciation, 12 per cent. $4,200 

Cost of energy losses in condenser, say, 180 X 25 . 4,500 

Attendance and upkeep of additional plant. 300 


Total annual cost of power-factor-correcting equipment. $9,000 


Now see if this expenditure will be less than the saving effected 
by reduction of transmission line losses (the saving in transformer 
losses will be neglected as these are a small percentage of the line 
losses). By formula (25), the PR losses, after power-factor 

( 70)2 

correction, will be 610 X ~ (approximately), the 

saving being 610 — 330 = 280 kw. The annual saving due to 
reduction of transmission line losses is, therefore, 280 X 25 = 
$7,000, which, on the basis of the above figures, indicates that it 
would not be economical to install condenser equipment merely 
for the purpose of reducing the line losses. 

2. If it is assumed that the line losses remain as before, 
namely 610 kw., the installation of condenser equipment at a cost 
of $9,000 per annum makes it possible to transmit a greater 

95 

amount of energy, namely, 10,000 X ^ = 13,550 kw., or an 


increase of 3,550 kw. Consider, now, whether or not it would be 
more economical to accomplish this by increasing the size of the 
conductors. 

With the same transmission voltage and the original power 
factor at the receiving end of the line, the current corresponding 

to the greater load is 126 X 


169.6 amp., and for the 


same/‘A losses, the resistance per mile must be 0.26 X Tr nK - i c. = 

(169.6)* 

0.1415 ohn^. Since it would be difficult to replace the existing 
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conductors without interruption of service, it will probably be 
advisable to string up another set of three conductors and connect 
these in parallel with the existing line. Assume that the neces¬ 
sary cross-arms are provided for a duplex line and that it is 
merely necessary to provide the insulators and additional wires. 
The calculated increase of cross-sectional area being very nearly 
equal to that of the existing line, it will be desirable to duplicate 
the line with the same size of conductor, namely No. 0000 
stranded copper. The total weight of additional copper required 
will be 3,448 X 50 X 3 = 517,000 lb. Allowing 8 per cent for 
interest and depreciation, which takes account of the scrap value 
of the copper at the termination of the estimated ^Tife^^ period 
(see Art. 33, Example 7), the annual cost of the conductors at 
20 cts. per pound (which includes erection) is 0.08 X 0.2 X 
517,000 = $8,270. The annual cost of the additional insulators 
will be about $1,400, making a total of $9,670 as against the $9,000 
for the power-factor-correcting apparatus. Although these 
figures are slightly in favor of the condenser equipment, it is 
necessary to bear in mind that increase of conductor cross- 
section is a better guarantee of satisfactory and continuous service 
than the installation of machinery which may accidentally fall 
out of synchronism or give trouble through hot bearings, or other 
abnormal causes. It is true that static condensers are not sub¬ 
ject to such accidents, but they would be too costly to use on 
largo power systems, and, moreover, they have not the advantage 
of the synchronous condenser in which different values of leading 
power factor may be obtained by merely varying the field 
excitation. 

In concluding this article on power-factor correction, it may be 
well to mention that this is a very important feature of modern 
transmission systems, and that the examples of calculations here 
given do not cover the ground thoroughly. They serve to illus¬ 
trate the manner in which such problems should be solved, namely 
by comparing the annual costs of alternative schemes. Mathe¬ 
matical formulas are of little use in this connection because of 
the large number of items involved and the many forms which 
the problem assumes in practice. The economic reasons for 
installing condensers may be summed up as follows: 

1. Reduction of transinission line and transformer losses by 
raising the power factor. 
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2. Reduction of the volt-ampere load on the generating plant, 
thus permitting a larger amount of useful power to be transmitted. 

3. Regulation of voltage on long-distance transmission lines 
(this particular function of the condenser load will be taken up 
in Chap. X). 

Apart from voltage regulation, the main points to be considered 
in determining the proper type of corrective apparatus and the 
amount of power-factor correction which will be economical are: 

1. The annual cost of the corrective equipment. 

2. The annual cost of the energy losses in same. 

3. The annual saving through the reduction of line losses. 

4. The annual saving in transformer losses. 

5. The annual increavse (if any) of operating expense due to 
the installation of power-factor-correcting devices. 

6. The annual cost of other means (not involving condenser 
equipment) which will achieve the same end, i.c., reduction of 
line losses with or without an increase in the amount of energy 
transmitted. The possibilities of raising the transmission volt¬ 
age (to reduce the current) and of increasing the cross-section of 
the conductors (to reduce the resistance) should, therefore, be 
considered. 



CHAPTER IV 


MECHANICAL PRINCIPLES—OVERHEAD CONDUCTORS 


39f Materials. —Under ordinary circumstances, the choice of 
material for the conductors of an overhead high-tension trans¬ 
mission line lies between copper and aluminum. Under certain 
conditions, as for the transmission of continuous currents or when 
the price of more suitable materials is abnormally high, galvan¬ 
ized iron or steel may prove satisfactory and economical; and com¬ 
pound wires or cables, such as copper-clad steel, and aluminum 
cables with galvanized steel core, are used where great mechanical 
strength is of more importance than high conductivity. Tables 
of resistances, sizes, and weights, and other physical properties 
of the materials will be found in the various engineering hand¬ 
books and manufacturers^ catalogues; and only such particulars 
will be given here as may be useful for preliminary calculations. 

Copper ,—It is probably safe to assert that, apart from the 
question of cost, the high conductivity combined witfh the great 
strength and elasticity ot hard-drawn copper gives this material 
the advantage over all others for use on the average high-tension 
electri^ tiinsmissibirTin^”^ 

The ultimate tensile strength of hard-drawn copper is greater 
per square inch of section in the smaller wires, being approxi¬ 
mately as follows: 


Gage number, B. & S. 

Diameter, inch 

Breaking stress, pounds per 
square inch 

2 I 

0.258 

58,000 

4 

0.204 

60,000 

6 

0.162^ 

62,000 

8 

0,128 

64,000 

10 

0.102 

65,000 

12 

0.081 

66,000 

14 

0.064 

67,000 

16 

0.051 

67,500 


A stranded cable, in which the pitch is usually between 12 and 
16 diameters of the cable, will generally break under a load 
slightly smaller than the combined breaking loads of the individual 
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wires. The tensile strength of a stranded cable should, however, 
not be less than 90 per cent of the combined strengths of the 
single wires. 

The elastic limit of hard-drawn copper wires is about 60 
per cent of the breaking stress; but it may be as high as 70 per 
cent and even 75 per cent of the ultimate stress. 

Aluminum ,—The conductivity of hard-drawn aluminum wire 
is between 60 and 613-^ per cent by Matthiessen's standard; 
pure copper being 100 per cent. The jweight of an aluminum 
conduct or is almost e xactly hal f tha t of the copper conductor of 
equal resistance7 and Tt Is about TT^per c¥ht“ as'^ 
equivalfinj^ copper cable (safe working "stress). Comparing 
alunnnum of 61 per cent conductivity with copper of 97 per cent 
conductivity, t he~ cli ameter of the equivalent aluminum cable 
would he 1 .26 times ji bof the copper cable. 

The ultimate tensile stress of hard-drWii aluminum wire 
depends upon the size of wire and hardness; if carried beyond 
a certain point, high tensile strength is a disadvantage, because 
the conductivity is lowered and the wire becomes short.” 

Approximate values for the ultimate stress of aluminum wires 
are given below : 


Gage number, B. & S. 

Diameter, inch j 

Breaking stress, pounds per 
square inch 

4 

0.204 

23,000 

6 

0.162 

24,000 

8 

0.128 

25,500 

10 

0.102 

27,000 

12 

0.081 

29,000 

14 

0.064 

32,000 


It is usual to apply the same factor as for copper in estimating 
the ultimate strength of a stranded aluminum cable, this being 
assumed 90 per cent of the combined strength of the individual 
wires forming the strand. The elastic limit of hard-drawn 
aluminum wire is from 60 to 70 per cent of the breaking stress. 

Iron and Steel .—The ordinary commercial galvanized-steel 
strand cable, as used for guy wires, has a breaking strength 
averaging 70,000 lb. per square inch, and a conductivity of about 
llM per by. Matthiessen^s scale. When used to co nvey 
fiiirrentfl, high permeability of ir on in5^es 
the fiKHsall ed skin effect, wj ^Tthe result that the resistance to the 
flowrTJTm&rent may be gr^tly mci^^ depending upon the 
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size of the cable a nd the frequency. Apart from the greater 
loiC^f voltage due to apparent increase of resistance when iron 
wires are used with alternating currents, the loss of pressure due 
to increased reactance must also be taken into account. The 
external reactance is the same for a given diameter and spacing 
of wires whatever may be the material; but the internal reactance 
will obviously be much greater for a ^'magnetic” than for a 
*' non-magnetic ’ ^ conductor. 

Experience with iron wires as conductors in Germany during 
the war has shown this material to be unsatisfactory, not only 
because of its insuitable electrical properties, but also because it is 
troublesome and costly to erect, the galvanizing is easily damaged, 
and jo juts are difficult to make. 

Opj/pcr^lad Steel .—By welding a coating of copper on a steel 
wire, a compound wire known as hard-drawn copper-clad steel 
wire is produced, ^is Has been well tested, and experience has 
shown it to be-aiB'-exceltefil material for many purposes. The 
wire can be made up in the form of cables if desired, which, when 
used as conductors for overhead transmissions, will have greater 
strength"tHaSii8{bie^^ entirely of copper, andlbwSFfesisIance 
than ^bles made tintifiSy b^ two metals are inti¬ 

mately and permanently welded together by means of a special 
copper-iron alloy, and the relative quantities so adjusted that 
the finished wire has a conductivity of 30 to 40 per cent of a 
copper wire of the same diameter. The ultimate tensile strength 
of commercial copper-clad wire of various sizes is approximately 
as below: 


Gage number, 

B. & 8. 

Diameter, inch 

Breaking load, 
pounds 

Number of times 
stronger than copper 
of same diameter 

000 

0.410 

8,200 

1.2 

0 

0.325 

5,600 

1.24 

2 

0.258 


1.33 

4 

0.204 

2,700 

1.35 

6 

0.162 

1,800 

1.40 

8 

0.128 

1,200 

1.45 

10 

0.102 

800 

1.50 


By using a core of high-carbon steel, an exceptionally strong 
copper-clad steel wire has been produced which has a strength 
more than twice as great as hard-drawn copper of the same 
diameter. For extra-long spans, copper-clad steel compares 
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favorably with bronze (silicon-bronze or phosphor-bronze) 
which is sometimes used—particularly in Europe—where high 
tensile strength is required. 

Stranded Cables with Steel Wire Core .—The central wire of a 
stranded conductor may be galvanized steel, or a small-diarneter 
steel cable may be used for the core. This increases the strength, 
especially in the case of aluminum cables, and a compound con¬ 
ductor of this sort is useful tor long spans on an aluminum wire 
transmission line. 

It is usual to neglect the current-carrying capacity of the steel 
core, and calculate the conductivity on the assumption that all 
the current is carried by the strands of the higher conductivity 
metal. Composite cables can be made of steel and copper wires, 
but the strength of hard-drawn copper is so great that the gain 
due to the addition of the steel core is comparatively small. 

Seven-strand aluminum-steel cables are made with one central 
steel-wire and six aluminum wires, while 37-strand and 61-strand 
cables are made with central cores consisting of a seven-strand 
steel cable. 

37. Physical Constants and Sizes of Commercial Conductors.— 

The accompanying tables gives the most important physical 
constants for various conductor materials. It will be noticed 
that aluminum has a larger temperature coefficient than copper. 
This has an important bearing on the economic length of span; 
the difference in sag between summer and winter temperatures 
is often considerable with aluminum conductors, but this dif¬ 
ference is, of course, more noticeable on the shorter spans such 
as occur with a wood-pole construction: on long spans, the 
difference in sag due to temperature changes is very small, what¬ 
ever metal is used. 

An argument often advanced in favor of aluminum conductors 
is that the weight of these, for any given transmission scheme, 
is only about half that of copper. This is certainly an advantage 
in the handling of the wire, but otherwise it is at least counter¬ 
balanced by the fact that the wind effect is greater on the increased 
diameter and that the towers must often be higher than if copper 
is used, partly on account of the higher coefficient of expansion 
of aluminum, but mainly because of the lower permissible stress. 
The advantage of lighter weight is largely discounted by the 
fact that the equivalent aluminum conductor can only be drawn 
up to a tension equal to about three-quarters of the permissible 
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maximum tension of the copper cable. On the other hand, the 
larger diameter of the aluminum cable may be an advantage on 
very high-pressure transmissions, because it raises the critical 
voltage at which corona losses become appreciable. 

The physical constants given in the table include Young's 
modulus of elasticity {E) which is not quite the same for stranded 
cables as for solid wires. This quantity {E) is the constant in 
SI 

the expression hi = where hi is the increase in length of a wire 

of length I when submitted to a tensile stress of S lb. per 
square inch. This coefficient is approximately constant for all 
values of stress not exceeding the elastic limit, but in the case of 
stranded conductors it will depend somewhat upon the number of 
strands in the cable and the 'Tay" or pitch of the strands. 
Some engineers use a figure for Young's modulus as low as 12 >C 
10^ for stranded copper conductors, but experience has shown 
that, after stretching or being submitted to a cycle of tensile 
loads due to strong winds or ice deposits, a stranded cable has 
very much the same modulus of elasticity as a solid wire. The 
danger of using a figure much lower than the suggested 15 X 10® 
as given in the table is that the actual tensions in the conductor 
may be greater than the calculated values. This uncertainty 
regarding the exact value of the ratio between load and elongation 
serves to emphasize the fact that mathematical niceties in 
engineering calculations are not always justified and may involve 
a waste of time and labor. The engineer should always bear in 
mind the nature of his data and the probable accuracy of his 
assumptions before using any but the simplest methods for solv¬ 
ing his problems. This is especially true of the mechanical design 
of transmission lines where reasonable factors of safety are used, 
and it is impossible to predict the exact maximum load to 
which the structures may be submitted under severe climatic 
conditions. 

The table of physical constants does not include steel-cored 
aluminum cables because the constants for these composite con¬ 
ductors depend upon the number of strands and the relative 
cross-section of iron and aluminum. In a seven-strand cable in 
which all the wires are of the same material, the center wire is 
subjected to a greater stress than the outer wires, and it is likely 
to break first. In steel-cored aluminum cables, the center wire 
or core is made of high-tensile steel capable of taking, if neoes- 
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sary, the whole of the tension in the conductor. The ultimate 
stress in the steel core is about 160,000 lb. per square inch, and 
the modulus of elasticity (up to an elastic limit of about 120,000 
lb. per square inch) is E = 29 X 10®. The modulus for aluminum 
is about 9 X 10®. 

Modubis of Elasticity of Composite Cable, 

Let S, = stress in the steel core (pounds per square inch) 
and Sa = stress in the aluminum wires. Then, since the elastic 
elongation under load of a given length of the composite cable will 
be the same for the steel and for the aluminum, 

.S, .S. 

29 X'^IO® “"OX To® 

whence Sa = 0.31 Sg, the meaning of which is that for stresses 
within the elastic limit of eft her material, the stress in the alumi¬ 
num wire will be 0.31 times the stress in the steel core. Thus, if 
the load on the cable is such as to stress the aluminum up to its 
elastic limit of, say, 15,000 Ib. per square inch, the stress in the 
steel core will be about 48,000 lb. per square inch, which is also 
within the elastic limit of the high-grade steel used in these cables. 
The total tension in the cable is divided between the steel and 


aluminum strands in the ratio f== 0.533, from which it 

0 X lOjOOO 

follows that the steel core takes about 35 per cent of the total 
tension while the aluminum wires take the balance of 65 per cent. 

In order to calculate the modulus of elasticity of a seven-strand 
cable in which the cross-section of the steel is A and the cross- 
section of the aluminum is 6A, write for the extension of the steel 
core under a stress 

U = 29 X lo* 


Similarly, for the same extension of the composite cable, 

"" (73)1 

where E is the required modulus and P is the total pull (tension in 
pounds) in the cable. This pull may be expressed in terms of 
the unit stresses by writing: 

P = 

= .AS. + 6A X 0.31S. 

= 2.86 AS. 

Substituting in (6) and equating (o) and (6), 

= 11.8 X 10« or, say, 12 X 10«. 



80 


ELECTRIC POWER TRANSMISSION 


The modulus for composite cables with more than seven 
strands may be calculated in a similar manner. The following 
figures relating to steel-core aluminum cables are supplementary 
to the constants in the table on page 77. 


Physical Constants of Steel-core Aluminum Cable 



7-8triind 

37'«triind 

61-strand 

Breaking stress, pounds per square 
inch (average). 

47,000 

5:^, 000 

413,000 

Elastic limit, pounds per square 
inch. 

30.000 

35,000 

27,000 

Modulus of elasticity {E) . 

12 >^10'' 

13 X 10“ 

11.6 X 10“ 

Coefficient of linear expansion per 
degree Fahrenheit (a). 

10.5 X 10“*j 

10 X 10-“ 

10.9 X 10-“ 

Weight^ per mile per circular mil. .. 

0.00735 

0.00826 

0.0068 

Weight^ per foot per circular mil... 

1.39 X 10-® 

1.56 X 10-“ 

1.29 X 10-“ 


^ Multiply these figures by the circular mils of cross-section of the alumi¬ 
num only. 


It is customary to express the sizes of composite aluminum- 
steel conductors in terms of the aluminum cross-section only 
(in circular mils); the conductivity of the steel core is neglected 
and the resistance per circular mil is therefore assumed the same 
as for aluminum conductors without steel cores. 

Seven-strand steel-core aluminum cables would be used for 
sizes up to No. 0000 (211,600 circular mils); 37-strand up to 
350,000 or even as large as 500,000 circular mils, while 61-strand 
cables may have as much as 900,000 circular mils of aluminum 
cross-section. 

Resistance of Standard Sizes of Conductors .—The accompany¬ 
ing wire table gives the approximate resistances and weights of 
the usual sizes of copper and aluminum cables and wires as used 
for overhead conductors. The resistances are calculated for a 
temperature of 68°F. (20°C.). 
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Resistance and Wekjht op Conductors at 68^F. (20°C.) 
(Stranded conductors) 


Size, 
circular 
mils and 

B. & S. 

gage 

numbers 

Diam¬ 

eter, 

inch 

Area of cross-section 

Copper 

Aluminum 

Circular 

mils 

Square 

inch 

Ohms 
per mile 

Weiglit 
per 1,000 
ft., 

pounds 

(Dhms 
per mile 

Weignt 
per 1,000 
ft.. 

pounds 

1,000,000 

1.150 

1,000,000 

1 

0.7854 

0.0575 

3,000 

0 093 

940 

050,000 

1.125 

950,000 

0.7401 

0 0005 

2,910 

0 098 

893 

900,000 

1.100 

900,000 

0.7008 

0.0038 

2,750 

0.103 

840 

850,000 

1.000 

850. (XK) 

0.0070 

0.0076 

2,000 

0.109 

8(K) 

800,000 

1.035 

800.000 

0.0283 

0.0719 

2,450 

0.110 

752 

750,000 

1 .0(K) 

750,000 

0.5890 

0A)7m 

2,300 

0.121 

705 

700.000 

0.005 

700.000 

0.5498 

0.0822 

2,140 

0.133 

058 

050,0(H) 

0.030 

050,000 

0.5105 

0 0884 

1,990 

0. 113 

011 

GOO, OIK) 

0.895 

000, (K)0 

0.4712 

0 0957 

1.840 

0.155 

504 

550,000 

0.855 

550, (M)0 

0.4320 

0.1045 

1.080 

0.109 

517 

500,000 

0.813 

500,000 

0.3927 

0.115 

1,530 

0. ISO 

470 

450,000 

0.771 

450,000 

0.3534 

0.128 

1,.3S0 

0 207 

423 

400,000 

0.725 

400,000 

0.3141 

0 144 

1,225 

0.233 

370 

850,0(K) 

0.080 

350,000 

0 2750 

0.104 

1,070 

' 0 2(;o 

329 

300,000 

1 0.030 

300,000 

0 2350 

0. 102 

920 

0.310 

282 

250.000 

0.575 

250,000 

0.1903 

0.230 

705 

0 373 

235 

00(K) 

0.522 

211,000 

0.1002 

0 272 

047 

0.430 

199 

000 

0.465 

1()7,800 

0.1318 

0 343 

5J4 

0 550 

158 

00 

0.414 

133,100 

0.1045 

0 132 

408 

0 7(H) 

125 

0 

0.309 

105,500 

0.0830 

0.515 

323 

0.882 

99 

1 

0.328 

83,000 

0.0057 

0.087 

250 

1.11 

78.7 

2 

0.290 

00,370 

0.0521 

0 808 

203 

1.40 

02.4 

3 

0.2G0 

52,030 

0.0413 

1.09 

101 

1 77 

49.5 

4 

0.232 

41,740 

0.0328 

1.38 

128 

2 23 

39.2 

5 

0.207 

33,090 

0.0200 

1.74 

101 

2.82 

31.1 

6 

0.185 

20,250 

0.0206 

2.19 

81 

3.54 

24.7 


(Single-wire conductors 0 


1 

0.289 

83,090 , 

0.06,57 

0.073 

251 

1.09 

77.0 

2 

0.258 

* 00,370 

0.0521 

0.850 

199 

1.38 

61.1 

3 

0.229 

52,030 

0.0113 

1.07 

158 

1.74 

48.0 

4 

0.204 

41,740 

0.0328 

1.35 

125 

2.19 

38.5 

5 

0. 182 

33.090 

0.0260 

1.70 

99 

2.77 

30.5 

1 

0.102 

20,250 

0.0206 

2.14 

79 

3.48 

24.2 


i Single wires of aluminum are very rarely used for overhead conductors. 


38. Factor of Safety. Joints and Ties. —The use of %o6 high a 
factor of safety is not good engineering; it leads to uneconomical 
and unsatisfactory designs and may even stand in the way of 
progressive development, as indeed was the case in England until 
quite recently. A factor of safety ha« little meaning unless it is 
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considered in connection with what is to be understood by the 
maximum working load. The practice on the continent of 
America is to estimate the maximum probable load under the 
worst probable wind and ice conditions and provide for a tension 

not exceeding the elastic limit of the 
material under these extreme conditions. 
This practically amounts to a factor of 
safety of 2, which is sufficient for over¬ 
head conductors, bearing in mind that 
these would not necessarily be injured 
even if stretched slightly beyond their 
elastic limit. The calculation of stresses 
due to ice and wind loads will be taken 
up later. 

Joints in the conductor are usually 
made with the McIntyre sl eeve as 
illustrated in Fig. 18 wEicnsltows a 
joint in a solid copper wire. The two 
ends of the cable are laid side by side 
in the sleeve which is from 20 to 30 in. 
long and of the same material as the con¬ 
ductor. Three complete twists are put 
into the joint by means of speciaKclamps 
bolted to each end of the sleeve. These 
torsion splices have proved themselves 
entirely satisfactory, but they cannot be 
made easily on very large cables without 
injury to the strands. Suitable joints 
for large cables have been developed, 
one of these being the compression joint 
in which the cable ends are butted 
together in a cast sleeve which is then 
compressed at intervals along its length 
between specially shaped jaws of a port¬ 
able hydraulic press. The metal is 
caused to flow into a solid block which results in a very durable 
and satisfactory joint. 

Single-wire conductors and the smaller sizes of stranded cables 
supported by pin-type insulators are usually tied to the insulators 
by annealed wire of the same material as the conductor, but of 
smaller diameter* For a No* 4 conductor, a No. 6 tie wire would 



Fiq. 18.—Type of joint for 
overhead conductors. 
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be used. For larger conductors, such as No. 0 to No. 0000, a 
No. 2 tie wire would be suitable. A description of the various 
ties as used in practice is beyond the scope of this book. 

The attachment of the conductor to the lowest unit of a string 
of suspension insulators is usually made by means of special 
clamps. Much attention has been given to the design of these 
clamps in order to avoid damage to the conductor through bend¬ 
ing at or near the point of attachment to the insulator. Manu¬ 
facturers’ catalogues should be consulted for particulars of the 
latest designs. 

Trouble has been experienced owing to mechanical vibrations 
in overhead conductors. This is not due to exceptionally strong 
winds, but occurs where the conditions of weight, stiffness, ten¬ 
sion, etc. are such a to establish a kind of mechanical resonance. 
Vibrations may be set up sufBcient to cause injury, if not actual 
breakage, near the point of attachment to the insulator clamps. 
The manner in which such injury may be prevented by attaching 
weights through flexible fastenings to the conductor near the 
points of suspension is explained by G. H. Stockbridge in the 
Electrical World of Dec. 20, 1925, and June 19, 1926. 

39. Stresses in Overhead Conductors.—If a wire is stretched 
between two fixed points A and B lying in the same horizontal 

, I 

^ C 

D 

Fig. 19.—Wire hanging between two supports at the same elevation. 

plane, and separated by a distance of I ft., there will be a certain 
sag of s ft. in the wire. This sag or deflection from the horizontal 
line AB will be greatest at the center of the span, and its value 
for a given length of span (I ft.) will depend upon the weight of 
the wire and the tension with which it has been drawn up. If 
the wire were perfectly uniform in cross-section, inextensible, 
and perfectly flexible, the curve ADB (Fig. 19) would be a cate¬ 
nary. It should be observed, however, that in this and subsequent 
diagrams, the sag s is shown much larger relatively to the span I 
than it would be on most practical transmission lines* and as the 
span I is generally very little shorter than the length of the wire 
between the suspension points A and JS, no appreciable error is 
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introduced by assuming the weight of the wire to be distributed 
uniformly along the horizontal line ACB instead of along the 
curve ADB. On this assumption the curve ADB becomes a 
parabola, and as the calculations are more easily made on the 
assumption of a parabolic curve than with the possibly more 
correct catenary, it is customary to use the formulas relating to 
the parabola for the solution of sag-tension problems. On very 
long spans, even with fairly large conductors, the actual curves 
assumed by the wires hanging in still air under the influence of 
their own weight only will usually approximate more nearly to 
the catenary than to the parabola, and in calculations on very 
long spans, such as river crossings with single spans exceeding 
1,500 ft. in length, the catenary is the more correct curve to work 
with; but owing to the many more or less arbitrary assumptions 
that must necessarily be made regarding load conditions and 
physical constants, refinements of calculation in these and similar 
engineering problems are rarely justified unless they involve no 
additional time or labor. 

In the articles immediately following, no definite shape of curve 
is assumed for the form taken by a wire suspended freely between 
two fixed supports, but the formulas for sag and tension calcu¬ 
lations are developed by considering the weight of a perfectly’’ 
flexible wire to be distributed uniformly over the straight-line 
distance between the two supports. 

40. Graphical Statics Applied to Transmission Line Calcula¬ 
tions.—Consider a mass of any irregular shape, suspended from 
the fixed points A and B by two perfectly flexible ties AC and 
BD, as shown in Fig. 20. The total weight may be represented 
by the force Pq acting vertically downward through the center of 
gravity O' and balanced by the forces Pa and P^ in the suspen¬ 
sion cords. Since the mass is at rest, the total downward force 
Po may be considered as equal and opposite to the total upward 
force which is the resultant of the forces Pa and Pb in the sus¬ 
pension cords, and, except for the special case of parallel forces, 
the lines ACj BD, and O'Pq will necessarily meet at a common 
point 0. The conditions to be satisfied by a system of forces in 
equilibrium are: , 

1. The vectorial sum of all the forces and reactions must be 
zero. 

2. The sum of all moments taken about any point must be 
zero. 
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Condition 1 is illustrated by the closed triangle OPN of Fig. 20 
in which the vectors OP, PN, and NOj respectively, represent in 
magnitude and direction the three forces Pq, Pbj and P^. The 
length MN is a measure of the horizontal reactions at the points 
of support, necessarily equal, but opposite in direction regardless 
of whether or not the points A and B are at the same elevation. 
The vertical component of the reaction at the point A is ilfO, and 
at the point P, it is PM. 



Fig. 20.—Mass suspended from two points—diagram of forces. 


Condition 2 may be illustrated by taking moments about the 
point A where the moment due to the force P^ is zero. The con¬ 
dition for equilibrium at this point is, therefore, that the (clock¬ 
wise) moment of the force Pa acting at the distance AE must be 
equal to the (counterclockwise) moment of the force P^ acting at 
a distance AR, Thus 


PaX AE ^ PbX AR 


whence the tension in the cord DP, expressed in terms of the 
weight Po, is seen to be 


Pb — Pg X 


AE 

AR 
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Consider now the portion AB (Fig. 21) of a perfectly flexible 
wire stretched between two fixed supports which are not neces¬ 
sarily the points A and B. The forces Pa and will act in the 
direction of the wire at the points A and B or, in other words, 
the vectors APa and BPb are tangential to the curve formed by 
the suspended wire. 

The force of gravity O'TF acts through the center of gravity of 
the element of wire considered, and all three forces meet at a 
common point 0. The vector diagram of the component forces 
is shown in the right-hand portion of Fig. 21. 



Suppose the weight TF, the magnitude of the force Pa, and the 
angle a to be known, and it is desired to find the magnitude and 
direction of the force P^. From the vector diagram 


whence 


MN = Pa cos a = Pb cos P 
cos a 


Pb -p. 


- To solve for the angle /3 : 

MP 


or 


tan/3 = 


tan /3 


^ cos /3 

Pa sin a + TF 


MN 
tan <x -f- 


Pa cos a 

_JV _ 

Pa cos a 


which, for the special case of a = 0, becomes 

W 

(when a == 0) tan ^ ^ 

P A 


(27) 

(28) 
(28a) 

(29) 


If it is desired to express /3 in terms of Pb instead of write 


(when a = 0) sin j3 


W 

Pb 


(29a) 
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The above formulas are general and are independent of the 
exact position of the center of gravity 0' of the section of conduc¬ 
tor considered. It will be observed, however, that in order to 
express the difference in level (y) between the two points A and 
B in terms of the known quantities (the three forces W, Pa, and 
Pji), it is necessary to determine the position of the force of 
gravity W, This will depend upon the shape of the curve of the 
suspended wire, and the problem will be taken up later when 
developing the formulas for the catenary. 

41. Relation between Sag and Tension in Overhead Conduc¬ 
tors.—Consider a wire suspended between two fixed points A 
and B (Fig. 22) spaced I ft. apart 
horizontally with a difference of 
elevation of h ft. The angle B 
between the straight line A B and 
the horizontal is, therefore, 6 = 

tan”^”- The maximum sag or 


m 


J)(W X CB) 


(WxAC) 


deflection of the wire from the 
straight line AB being always A 
small relatively to the length Z, ^. 

the total weight of the wire is I 

assumed to be wV where W = J’lO. 22.““Suspended wire with supr* 
... - i. r 1 XI j 7 / ports at different elev^ations. 

weight per foot of length and I = 

straight-line distance between the points of suspension. There will 
be some point C on the straight line AB where the deflection {s' = 
CD) of the wire will be a maximum. This will be where the 
direction of the wire is parallel to AB, Let P = tension in wire 
at position of maximum deflection. Then, taking moments about 

A, 

wiAC) X = P X s' 


Taking moments about B, 


v}{CB) X 


{CB) cos B 


= PXs' 


Equating these two expressions, and noting that AC = CB = 


2 2 cos e 

it follows that 


Maximum deflection (at center of span) s' = 
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For the usual condition of supports on the same level (or even 
approximately on the same level), merely put ^ == 0, and the 
maximum sag (at center of span)*is then 



(30a) 


where Pf, is the horizontal component of the tension. 

If S == tensile stress in the material, in pounds per square 
inch of cross-section, and A = area of cross-section of conductor 
in square inches, the quantity SA may be substituted for P in the 
above formulas. This leads to the expression 


s 



or 



(306) 


where k is constant for a given material. The numerical value 

of k is seen to be one-eighth of the weight in pounds of 12 cu. in. 

of conductor material, or 1.5 times the weight of a cubic inch. 

Values of k for different 

materials are given in the 

table on page 77. 

It is very rarely necessary 

to calculate the tension at 

any other point than the 

Fig. 23.-Suspended wire with supports at ^^nter of the span because, 
same elevation. ' 

unless the sag is very great, 
the tension as approximately the same at all points in the 
span. The maximum tension occurs at the highest point of 
support where the angle p made by the wire with the horizontal 
is greatest. The relation between the maximum tension (at 
point of support) and the horizontal component of the tension 
when supports are at the same elevation is illustrated by Fig. 23. 
Considering one-half of the total span, it is seen that the whole of 
the weight of the wire in the half span CB acts vertically down¬ 
ward at the point of support 5, whence 

tan f 



which is the same as formula (29) seeing that the weight of wire in 

tVi 

the section considered is IF == where w is the weight per foot 
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assumed to be uniformly distributed over the straight-line dis¬ 
tance AB, The maximum pull at B is 



a relation which is given by formula (27) and illustrated by Fig. 
23. 

If it is desired to avoid the use of trigonometrical formulas, the 
tension at the point B may be written: 

p. - ^pp+ 

which simplifies into 

P, + m (31)^ 

The ratio of maximum tension (at point of support) to the 
tension at center of span, when the two supports are at the same 
elevation, is 

Pb ^ Ph + ws 
Pk Ph 

= 1 + (approximately) (32) 

Example 11. Sag-tensioti Calculations ,—Calculate the sag 
(at center of span) of a copper conductor strung between sup¬ 
ports, at the same elevation, spaced 400 ft. apart, given that the 
tensile stress in the material is 28,000 lb. per square inch. 

Let A be the cross-section of the conductor in square inches; 
then the weight per foot of length is te = .4 X 12 X 0.32, where 
0.32 is the weight per cubic inch of copper. The tension in 
"the conductor is P == 28,000 X A, Assume this to be the pull 
at center of span, and by formula (30a) 

A X 12 X 0.32 X (400)2 ^ 

*-^8 X 28;oor><X“- - 

* When the quantity 8 is small as compared with unity, it is permissible 
to write: 

(1 4- = 1 -f md 

where m is any number. Thus: 

and if h is small relatively to a in the expression \/a’* -f write: 

= a^jl + (I) “ o(l + 2VO “ “ ^ 

which explains how the formula has been obtained. 
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It is assumed that the stress of 28,000 lb. per square inch is 
at the center of the span because, as previously mentioned, the 
stress is usually approximately the same at all points of an over¬ 
head conductor. The maximum stress (at points of suspension) 
is given by formula (32) thus: 

P /2 7^\ 2 

Y = 28,000 + 28,000 X 

= 28,010.6 lb. per square inch 

which is sufficiently near to the specified 28,000 lb. per square 
inch to justify the use of this figure for the stress at center of span. 

42. Supports at Different Elevations.—In Fig. 24, the differ¬ 
ence in elevation of the supports is h ft. The span measured 
horizontally is I ft., and the straight-line distance between the 
supports A and B is V ft. If 6 is the angle which the line AB 
makes with the horizontal, 

tan ^ — j 

and 

cos 6 = 

The weight of wire per foot is w lb., and it is assumed that the 
total weight is wV lb., distributed uniformly over the straight- 
line distance V = AB, This force acts through the point C 
midway between A and B, The other known quantity is the 
magnitude (but not the direction) of the maximum tension in the 
wire: This is the force Pb acting through the highest point of 
support (B). 

Draw the vertical line OPg to represent the total force of 
gravity {xvV). Through its center C draw the line AB (or a line 
parallel to AB) making an angle 0 with the horizontal. Then 
from 0 as a center describe an arc of radius OPb equal to the 
known force Pb- Its intersection with AC locates the head of 
the vector OPb- Complete the parallelogram of forces and 
drop the perpendiculars PaAI and PbN on to the veitical OPo- 
These are a measure of the (equal) horizontal components 
of the reactions at the two points of support, and also of the total 
tension in the wire at the lowest point D. The length MO is the 
vertical component of the reaction at the lower support A ; while 
NO is the vertical reaction at B, Their sum is, of course, equal 
to OPg- The angle ^ which the vector Pb makes with the 
horizontal is the slope of the wire where it leaves the point B, 
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The construction as above described satisfies the fundamental 
conditions of equilibrium, namely, that all vertical forces shall 
balance; that all horizontal forces shall balance, and that the sum 
of all moments taken about any point shall be equal to zero. 

In practice it is not convenient to solve such problems by 
actual measurement of quantities plotted to scale on drawing 
paper, because the horizontal components of the forces are usually 
very much greater than the vertical components. A trigo¬ 
nometrical solution is, therefore, desirable. 

In Fig. 24, the known quantities are the two sides OPb and OC 
of the triangle OCPb of which the angle OCPb is also known, 
being equal to ^ + 90 deg. 



Fig. 24.—Diagram of forces—supports at different elevations. 

The angle OPnC or <p may be calculated from the relation 

OC . wV 

sin ip = sin (90 + d) == cos 6 
Jr B B 

_ 

Wb 

and the angle ^ which the wire at the upper support makes with 
the horizontal is, therefore, 

/3 = ^ + sin-i (33) 

With the aid of trigonometrical tables or a slide rule, the values 
of sin 0 and cos 0 can be obtained, and the other components of 
the force diagram readily calculated. Thus, the hprizontal com¬ 
ponent at either point of support, which is also the total tension 
in the wire at the point (if any) where the slope is zero, is 

Ph == Pb cos 0 


( 34 ) 
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which is a particular form of the general formula (27). The 
vertical component of the reaction at the highest point JS, where 
this reaction is greatest, is 

Piiv = NO = Pb sin ^ (35) 

The weight supported by the lower pole is 

MO = loV - Pbv (36) 

This may, obviously, be a negative quantity, ?.c., the wire may 
exert an upward pull on the lower support. In that case the sag .s 
below the point A will be zero, and this would correspond to the 
usual condition on a steep incline, or on a moderate incline if the 
spans are short. 

Position of Lowest Point of Span, Supports at Different Elec¬ 
tions .—The position of the lowest point D in the span will be deter¬ 
mined by the vertical weight carried by each of the two suppoils. 
Thus, referring to Fig. 24, the vertical component of the forces 
acting at B is simply the weight of that portion of the wire 
comprised between the support B and the point D where the 
tension in the wire has no vertical component. The horizohtal 
distance of the point D from B (in feet) is 


In — ^ X 


ON 


OPo 

IPnv 

wV 

Pbv cos d 
w 


(37) 


This may give a distance for Ib which is greater than 1. In that 
case the support A would be the lowest point in the span. The 
horizontal distance from the lower point of support (A) to the 
point D is Ia = I — IdI which shows that I a will be a negative 
quantity when Is is greater than 1. 

If it is desired to express these formulas in terms of the hori¬ 
zontal component (Ph) of the tension, a reference to the force 
diagram in Fig. 24 will show that 

Po = 2 {Pbv — Ph tan 6) 

and since Pa = wVy the vertical component of the tension at 
the upper support is 

Pbv = y + Pk tan e 
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Substituting in formula (37), 

= 5 + 


wV 


Similarly 



hJ\ 

wV 


(39) 

(40) 


These formulas 
metrical tables, 

expressed as — 


can be solved without reference to trigono- 

because, although V — - ^ it can also be 

cos ^ 


y/l^ + h^ 


I + when h is small in relation 


to 1. 


hp I 

Formula (40) shows that if is equal to the lowest point 


of the wire coincides with the lower support while, if the second 
term in the equation is greater than the first, is negative, and 
there is a possibility of the resultant upward pull on the lower 
insulator at A being greater than the downward pull due to the 
weight of the wires in the adjoining span. It is well to bear this 
point in mind when considering an abrupt change in the grade of 
a transmission line. 

Calculation of Vertical Sag with Supports at Different Elevations, 
The maximum sag or deflection at the center of a span, whether 
or not the points of support are at different elevations, is given 
by formula (30) which was developed in Art. 41. When it is 
desired to calculate the vertical sag of the wire below the points 
of support, the formula (30a) as calculated for spans with sup¬ 
ports on the same level may be used for spans on an incline, pro¬ 
vided the distance Ib of Fig. 24 is considered as half of a level span 
of which the sag is (s + h). Thus, 


Similarly 


{s + h) 


2Ph cos d 


s 


wIa^ 

2Ph cos d 


(41) 

(42) 


The appearance of cos 0 in the denominator of formulas (41) 
and (42) is due to the fact that the weight of wire per foot of span 

w 

measured horizontally has been assumed to be--- 

^ cos S' 

Example 12. Illustrating Use of Formulas .—Consider a span 

of 1J40 ft. measured horizontally, with a difference of level of 
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190 ft. between points of support. The conductor is copper cable 
of a cross-section of 350,000 circular mils, weighing 1,070 lb. 
per 1,000 ft. Calculate vertical and horizontal components of 
forces, also sag and position of lowest point of span, if the maxi¬ 
mum tension in the cable due to its own weight only is 3,580 lb. 

The known quantities are: 

I = 1,740 
h = 190 


w = 1.07 
= 3,580 

The unknown quantities are calculated as follows: 

^90 
1,740 
0=6“ 14' 
cos 6 = 0.9941 
wl 


tan d = 


= 0.1092 


sin <p = 


2P„ 

^e = 15“ 4' 


By 

formula 

(33)^ 



cos jS 



sin 

By 

(34) 

Pk 

By 

(35) 

P BV 

By 

(37) 

Ib 

By 

(41) (s 

+ h) 


1.07 X 1,74^ 
2 X 3,580 


18' 


= 0.26 


3,580 X 0.3632 = 1300 lb. 

1,300 X 0.9941 

- = 120/ ft. 


1.07 

1.07 X (1,207)2 


= 235 ft. 


2 X 3,335 X 0.9941 

Thus the sag below the bottom support will be 235 — 190 = 
45 ft. when the maximum tension is 3,580 lb. 

If it is desired to avoid the use of trigonometrical tables, the 
procedure would be as follows; but the assumption now made is 
that the known tension is the horizontal component, or Ph — 
3,335 lb. 

The straight-line distance between the two points of support 
V . Vi-TP - J +1 - 1,740 + - 1,760.4 ft. 

By formula (39) 

- 1,740 , 190 X 3,335 

-?i-r 


IS 


1.07 X 1,750.4 
h = 1,740 - 1,208 = 


= 1,208 ft. 
532 ft. 


and 
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The sag s measured from the lower support is given by formula 

(42) wherein cos $ can be replaced by Thus, 

s = 107(532 )^ X 1,750.4 _ 

2 X 3,335 X 1,740 • 


No high degree of accuracy is claimed for the results of the numer¬ 
ical examples, the calculations being made on the slide rule. 
^.43. Extra-long Spans. The Catenary Formulas.—All the 
formulas developed in Arts, 41 and 42 are based upon the assump¬ 
tion that the weight of the suspended wire is distributed uniformly 
over the straight-line distance between the two points of support. 
This assumption is justified because, in practice, the maximum 
deflection of the suspended wire from the straight line is only a 
small percentage of the span length. It is only when the distance 
between supports is very great, resulting in a maximum deflection 
which is a large percentage of the total span, that appreciable 
errors may be introduced unless more accurate formulas are used. 

The weight of r suspended wire is actually distributed uniformly 
along the wire itself and not along the straight-line distance 
between the points of support, and if in both cases the assumption 
of perfect flexibility is made, the formulas derived for the straight- 
line distribution of load are those of the parabola, while the more 
correct formulas are those of the catenary. 

Although it is only on very rare occasions that it is necessary 
or even desirable to use the catenary formulas in the mechanical 
design of electric transmission lines, it seems nevertheless advis¬ 
able to show how these formulas may be derived. Attempts to 
use formulas without knowing something about their origin and 
derivation, and without being familiar with the mathematical 
operations involved, will frequently lead to inaccuracy in results. 
It is, therefore, proposed to develop the catenary formulas in the 
same manner as the formulas based on the parabola were devel¬ 
oped in Art. 41. 

The curve in Fig. 25 represents the shape assumed by a per¬ 
fectly flexible wire which is suspended between two fixed sup- 
f)orts and of which the total weight is w lb. per foot of length. 
This weight may be that of the wire itself without additional load, 
or it may include an additional uniformly distributed load due to 
wind pressure or ice loading. 

Let 0 be the lowest point of the suspended wire, and B any 
other point on the curve. Since the wire is assumed perfectly 
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flexible, the forces Pn and Pp act in the direction of the tangents 
to the curve at the points O and P, respectively. The force Ph 
will, therefore, act in a horizontal direction which is that of the 
axis OX in Fig. 25, while there will be an angle between the 
direction of the force Pp and the horizontal. 

The weight of the section of wire OB is IF = w\ where X is 
the length of the curve OB, This length of wire is in equilibrium, 
and the three forces P;,, Pp, and W will, therefore, meet at a 
common point M. The vector diagram of the three forces, 
moreover, forms a closed triangle as indicated in the right-hand 
portion of Fig. 25. 



Fig. 25.—Illustrating development of caternary formulas. 


A small increment of length d\ in the direction of the force Pp 
leads to an increase of the ordinate y of amount 

dy =d\x'^ 

B 


d\ X ' -3 

V(w\y + py 



whence y = + (5) + ^ 

When X = 0, j/ = 0, therefore C = if m is put in 

place of the quantity —^ + m »= (43) 

This relation between the ordinate of the point considered 
and the length of the curve comprised between this point and 
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the point where the tangent to the curve is horizontal is illustrated 
graphically in Fig. 26. 

Draw BT parallel to the vertical (Y) axis, of length BT = 
2/ + w = 2/m. On this line as a diameter, describe the semicircle 
TSB, With T as a center, describe an arc of radius TS = m, 
thus locating the point S where the two arcs cross. Join BS 
and note that, since BST is a right-angled triangle, with the side 
ST = 7)1 and the hypotenuse BT = in + y, it follows that the 


/ 



Flo. 26.—Diagram illustrating formula (43). 


side SB == X = length of curve OBy because this length, as 
expressed by formula (43), is X = \/{y + m)^ — m^. Note also 

that angle BTS — angle BO'T = and tan which 

proves the line SB to be the tangent to the curve at the point B, 
l)ecause, from Fig. 25, 


tan ^ = 


tv\ 


w\ _ X 
wm rn 


The formula (43) is of little practical value unless the length (X) 
of the wire is expressed in terms of the distance x. Returning 
to Fig. 25, and proceeding as in solving for y, 


dx d\ 


Pb 


— dX 


_ __ 

V (w\)^ + Ph^ 
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Dividing numerator and denominator by w, and substituting 


. 1\ 
m for —y 
w 


dx = d\ 


rn 


Thus, 


X = 


\/x2 + 

= w[loge(X + 'n/X*'^ + m^) + C] 

V^X“ + ni- 


when X == 0, X = 0, therefore C == — log* 

j 1 /^ ^ 

and X = 7n log, ( — 

In order to solve for X, write: 


m 


(44) 


X + Vx^ + 




in 


or 


mem 


— X = \/x- + 




Squaring both sides of this equation and solving for X, 

^ m\ * .. 5 - 

X = 2 €»» — € m 

which may also be written, 

X 

X = m sinh — 
m 

It is now possible to express the vertical sag (y) in terms of x 
and m by substituting for X in formula (43) its value as given by 
formulas (45) or (45a). Thus 


(45) 


(45a) 


y 


+ 7/1 = -x/x- + 




wherein the value of X^, as given by formula (45a), is sinh^ —> 

whence 


y + m = 771 sinh2 - + 1 




cosh^ 


772 


= 772 cosh 


m 

or y — cosh — — 1J 

V ^ / 

In exponential form, 

, 772/ * , 

y ^ m =--{ em +€ m] 


(46) 

(46a) 

(466) 
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wherein e 2.7183 (approximately) is the base of the Napierian 
or natural system of logarithms. 

To express the tension in terms of Xy rn, and Wy we have, 
from Fig. 25, 



but Ph = u'm and, from Fig. 2G, cos R — -:— 

m + y 

X' 

Therefore, Pu H'{7n -f- y) cosh - (47) 

in 

These formulas are easily solved with the aid of tables of hyper¬ 
bolic functions or of the exponential functions and It will 
be observed, however, that tlie factor rn which appears in these 

formulas has the value and it will, therefore, change with every 

change of tension in the cable when the loading of w lb. per foot 
is constant. Notwithstanding the apparent simplicity of the 
catenary formulas, they become cumbersome and unhandy as 
soon as the problem to be solved involves changes of tension due 
to temperature variations. For spans of ordinary length, the 
approximate formulas based on the parabola are to be preferred, 
and, with short spans, the increased accuracy of the catenary 
formulas is purely hypothetical because of the practical difficulty 
of obtaining exact values by interpolation between numbers 
read from tables. 

For convenience of reference, the formulas of both parabola 
and catenary have been assembled in the accompanying table. 

Example . 13. Illustrating Use of Sag-tension Formulas .— 
Consider ^ copper cable of 350,000 circular mils cross-section 
suspended between two supports on the same level, spaced 
2,000 ft. apart. The cable hangs under the influence of its 
own weight only (no additional load due to wind pressure or ice 
loading). Under these conditions, it is desired to calculate the 
maximum sag (at center of span) when the maximum stress in 
the material is 14,000 lb. per square inch. 

The cross-section of the cable is 0.275 sq. in. Therefore, the 
maximum permissible tension (at the points of support) is 

P^ = 14,000 X 0.275 = (say) 3,800 lb. 

The weight of the cable per foot of length isw ^ 1.07 lb. 
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(34) 


(47) 

(47) 

(34) 
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Solving for the sag (s) with the approximate formulas, b)' 
formula (29a) 

^ 2Pu 2 X 3,800 
whence cos = 0.959 

The horizontal component of the tension, by formula (34), is 
1\ = Pj, cos /3 == 3,800 X 0.959 = 3,640 lb. 

Then, by formula (30a), 

_ wP __ 1.07(2,000)2 _ 

* ‘8 X'3,040' ‘ 

Now check this with the formulas based on the catenary. 
Use the figure of 3,040 lb., obtained from the formulas based on 
the parabola, as a trial value for the horizontal component of the 
tension ui the cable, and solve for sag and ma.ximum tension as 
follows: 

X = = 1,000 ft. 

JU 

w = 1.07 11). per foot 

Pk = 3,040 lb. 

Ph 3,640 „ 

m = — = = 3,400 

w 1.07 ’ 

* = S - 

ni 3,400 

From tables of hyperbolic functions. 


cosh - = 1.04354 
m 

By formula (46a) 

sag — y — TTi^cosh “ 

= 3,400 X 0.04354 = 148 ft. 

By formula (47), the maximum pull (at point of support) is 
Pn Pn + wy 

== 3,640 + (1.07 X 148) = 3,798 lb. 

This is almost exactly the specified maximum tension of 3,800 lb., 
showing the assumed horizontal component of tension {Ph — 
3,640) to be correct. The maximum sag is 148 ft., as compared 
with 147 ft. calculated by the approximate formulas, which 
indicates that, even with this 2,000-ft. span, the catenary curve 
approximates so nearly to a parabola that no appreciable error is 
introduced by using the formulas based on the parabola. 
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The maximum sag or deflection from the straight line between 

the two supports is approximately —~ 

the span. If the maximum sag, as calculated by the approximate 
formulas exceeds 10 per cent of the span length, the calculations 
should be checked with the more accurate formulas of the cate¬ 
nary. When the sag is a large percentage of the distance between 
points of support, the formulas based on the parabola no longer 
apply, and the more accurate formulas should be used. 

44. Examples of Extra-long Spans. Maximum Possible 
Single Span.—Where power lines cross rivers or other waterways, 
exceptionally long single spans are sometimes necessary. The 
Pacific Light and Power Corporation has a 2,871-ft. span at 
Sunland, Calif., the conductors consisting of aluminum wires of 
0.475 sq. in. total cross-section reinforced by a central ^teel core 
of 0.062 sq. in. cross-section. Another long single span is the 
Missouri River crossing of the Mississippi River Power Company, 
which is 3,182 ft. long; the conductors consist of copper wires of 
207,600 circular mils total cross-section laid on a central steel 
core of 0.275 sq. in. cross-section. 

The crossing of the Mississippi River by a single span 4,279 ft. 
long with a difference of elevation of 185.5 ft. between the two 
points of support is described in the Transactions A.I.E.E. (Vol. 
44, p. 378), 1925. This particular long span is also referred to 
by L. E. InJay in his article, ‘^Mechanical Characteristics of 
Transmission Lines, Electric Journal, December, 1925. 

The Cheat River crossing of the West Virginia-Maryland Power 
Company, at Beaver Hole, consists of a single span 4,317 ft. long 
with a difference of elevation of 225 ft. between points of support. 
The conductor consists of a 19-strand cable with seven strands of 
copper-clad steel for the center core, and twelve strands of hard- 
drawn copper outside. A description of this long span by C. F. 
Sheakley, will be found in the Electrical World of June 21,1924. 

The Pacific Gas and Electric Company's crossing of the 
Carquinez Strait by a single span 4,427 ft. long is of particular 
interest because post-type insulators are used, with the porcelain 
in compression. For description, refer to the Transactions A.I.¬ 
E.E. (VoL 42, p. 977), 1923. 

The 110,000-volt line of the Shawinigan Water and Power 
Company crosses the St. Lawrence River by single span 4,800 ft. 
long, at anoint about 20 miles from Three Rivers, Quebec. The 
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supporting towers are 350 ft. high and 60 ft. square at the base. 
For details of construction, refer to paper by S. Svenningson, 
Transactions A.I.E.E. (Vol. 37, part 2, p. 1653). 

The 150,000-volt line of the Knoxville Power Company crosses 
the Little Tennessee Kiver near the mouth of the Cheoah River 
(North Carolina) by a single span 5,010 ft. long. There are four 
conductors of 500,000 circular mils aluminum cable with steel 
core J8 in. in diameter. The outside diameter of the cable is 
1.175 in. For description, refer to paper by T. Varney, Trans¬ 
actions A.I.E.E., June, 1920; also L. E. Imlay, ‘^Mechanical 
Characteristics of Transmission Lines,^' Electric Journal, Decem¬ 
ber, 1925. 

The longest power transmission span in the world is 6,240 ft. 
long. It crosses the Narrows at Puget Sound, Washington, and 
consists of six plow-steel cables each of which weighs 11 tons. 
These cables form part of two 110,000-volt circuits of the Cush¬ 
man development (Tacoma). This extra-long span is described 
in the Journal A.I.E.E., p. 1296, December, 1925. 

The fact that spans exceeding 1 mile in length have actually 
been erected raises the question of ultimate limits to the length 
of single spans. An inspection of the formulas giving relation 
between sag and tension will show that, by allowing a large sag, 
the horizontal component of the tension (or the tension in wire at 
lowest point of span) may be reduced. But when the span is 
very large, the weight of the cable comprised between the point 
of support and the lowest point of span may become excessive. 
This vertical component of the tension has to be added (vectori- 
ally) to the horizontal component to determine the maximum pull 
(at point of support), and there is a particular relation between 
sag and span which will cause this resultant pull to be a minimum. 
In order to determine this relation, it is necessary to use formulas 
based on the catenary, and it has been shown^ that the minimum 
tension at point of support occurs when the sag is 0,337 times the 
span and the angle which the tangent to the cable at the point of 
support makes with the horizontal is jS == 56.5 deg. Under these 
conditions formula (34) gives 

Ph = Pb cos ^ = 0.552 Pb 

^ Austin, F. E., in EUc. Rev,, p. 4, July 3, 1920. Also Schenkel, H., 
Elektrotechn, Zeit., p. 720, July 7, 1921. 
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Also, by formula (47) 

Ph — Ph -\- wy 

= 0.552 Pa + wX 0.3371 

1 33 

whence I == Thus, if the permissible maximum tension 

{Pb) and the weight per foot of the cable (?r) are known, the 
maximum possible length of span (Z) with supports at the same 
elevation is easily calculated. 

Consider, for instance, a copper cable in which the working 
stress is not to exceed 30,000 lb. per square inch and assume that 
the extra load due to wind or ice deposits has the effect of increas¬ 
ing the weight of the cable 50 per cent. If A is the cross-sectional 
area in square inches; the total permissible tension is Pb = 30,(X)() 
A. The weight per foot per inch of cross-section of a stranded 
copper conductor is about 3.88 lb. Then the weight per foot of 
the loaded conductor is w == 1.5 X 3.88 X A. The maximum 
permissible length of span is, therefore, 


L33 X 3a000A 
L5 X 3.88A " 


= 6,850 ft. 


By using stronger materials, such as bronze or steel, much longer 
spans are possible; but unless the natural conditions of the ground 
are such as to allow for the large sag (in this instance 0.337 X 
6,850 = 2,310 ft.), very tall towers would be necessary. 

The possibility of carrying an overhead 130,000-volt line across 
the Straits of Messina, between the island of Sicily and the main¬ 
land, has been under consideration. At the narrowest point, 
the distance is over 2 miles. Assume a separation between towers 
of 11,500 ft., and see if a single span of this length would be 
possible. There is no doubt that a material of very great tensile 
strength would be needed, because the sag would have to be as 
small as possible; but steel with a breaking stress of 160,000 lb. 
per square inch is easily obtainable. The working stress may be 
half this amount, or even appreciably greater before reaching the 
elastic limit. Assume the stress in the wire at the lowest point 
of the span to be 80,000 lb. per square inch. The weight per 
cubic inch of steel is about 0.285 lb., and if the cable is of large 
cross-section, the increased loading due to wind pressure would 
not exceed about 10 per cent. Then, if A is the cross-section of 
the wire in square inches, the horizontal component of the tension 
is 


Ph = A X 80,000 
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and the weight per foot (loaded) is 

= 1.1 X A X 12 X 0.285 = 3.76A 


Then, by formula (30a), the sag would be 


^6 A (11,500)2 
8'X'80,000 


- 777 ft. 


Since this is considerably less than 10 per cent of the span 
length, there is no need to check these calculations with the for¬ 
mulas based on the catenary. 

By formula (31), the maximum puli (at points of suspension) 
is 

X A = (80,000 X A) + (3.76 A X 777) 


when the maximum stress is >8/, = 82,920 lb. per square inch, 
which is not excessive. It follows that although very tall towers 
may be necessary in order to allow clearance for shipping in addi¬ 
tion to the sag of (about) 777 ft., the crossing of these straits by 
overhead conductors is not impossible, even if the high cost 
should prove it to be inadvisable from the economic point of view. 
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OVERHEAD CONDUCTORS—SAG AND STRESS CALCU¬ 
LATIONS {Continued) 

46. Abnormal Stresses in Wires Due to Wind and Ice.— 

When a wire hangs between horizontal supports in still air under 
the influence of its own weight only, the tension at center of span 
for a definite distance between supports and a definite sag at 
center will be proportional to the weight per foot length of the 
wire. When loaded with sleet or ice, or subject to wind pressures, 
or a combination of both these additional loads, the calculations 
of the proper sag to allow are based on the assumption that the 
weight per foot is no longer that of the wire only, but n times 
this amount; where n is a factor depending upon the character 
and amount of the abnormal loading that the wire is likely to be 
subjected to. 

Ice and Sleet .—The effect of snow and sleet adhering to the 
wires and forming an ice coating of variable thickness is to add 
to the dead weight of the wires and offer an increased surface to 
wind blowing across the line. Sleet will generally collect with 
slightly greater thickness near the lowest point of the span, 
but it is usual to assume that the extra vertical loading is uni¬ 
formly distributed over the whole length of the span. Max N. 
Collbohm^ says that in the winter of 1908-1909, in Wisconsin and 
neighboring states, the snowstorm of January 28 covered nearly 
all overhead wires with sleet and snow 2]/2 to 4 in. in diameter. 
The temperature went down to 4°F. below zero, while a wind 
velocity of 40 miles per hour was recorded. These conditions 
were, of course, exceptional; at the same time an average coating 
of sleet and snow weighing H lb. per foot of wire is not unusual. 
A coating of ice 3^ in. thick on wires running through districts 
where sleet and low temperatures are common is generally allowed 
for in calculations. Sometimes this is increased to a radial 
thickness of % in. Sleet deposits 6 in. in diameter have actually 
been observed on some of the steel conductors of the Central 

i Eke, Worldf p. 734, Mar. 26, 1909. 
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Colorado Power Company. The weather conditions in some of 
the parses through which this line is carried are, however, partic¬ 
ularly severe. In New England, a storm of exceptional severity 
in November, 1921, resulted in sleet formations on the No. 2 
B. & S. solid copper wires of the Connecticut Power Company's 
lines of which the measured cross-section was from 5 to 6 sq. in. 

Taking the weight of sleet at 57.3 lb. per cubic foot, the total 
weight per foot of the loaded conductor is iv + 1.25t(d + t) 
where w is the weight of the wire, t the radial thickness of sleet 
(assumed to be of circular section), and d the diameter of the 
uncoated wire; these dimensions being expressed in inches. 
Thus, in the case of a No. 0 B. & S, gage wire, d equals 0.325 
in., and assuming that t equals 0.5 in., the weight of the ice coat¬ 
ing is 1.25 X 0.5 X 0.825 == 0.516 lb., or about lb. per foot 
run, which is a common allowance to make for ice loads on wires 
of average size. 

When wires are hung vertically one above the other, in the 
manner frequently adopted in the earlier constructions for double- 
circuit lines, there is the possibility of sleet falling off one of the 
lower wires, while the upper wire remains heavily loaded and 
with considerable sag. This might cause the lower wire to rise 
into contact with the upper wire. With this possibility in 
mind, the disposition or spacing can be made so that short-cir¬ 
cuits due to this cause are not likely to occur. 

Sleet storms are not infrequently followed by low temperatures 
and high winds. The loading—especially when the conductors 
are of small diameter—is then likely to be so great that it may be 
false economy to guard against it by increasing the factor of 
safety. Attempts have been made to prevent the formation of 
sleet deposits on overhead power conductors by passing sufficient 
current through them to raise the temperature above that at 
which the deposit will form. On many systems it is possible to 
increase the current in the lines by controlling the power factor 
of the load. Users of power might assist in maintaining service 
during severe sleet storms by underexciting synchronous motors 
connected to the transmission system. If sufficient current can¬ 
not be obtained by such means, the procedure on systems where 
there is a duplicate line would be to throw all the load on one line 
and pass a suitable current through the spare line which would be 
disconnected from the load and short-circuited at the receiving 
end. 
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Wind Pressures .—The pressures due to winds of high velocity 
acting on poles and wires in a direction approximately at right 
angles to the transmission line are of great importance, both 
where sleet formation is possible, and in districts where sleet 
cannot form. In the latter case, the velocity of the wind is 
frequently greater than in the colder districts; but, on the other 
hand, a moderate wind acting on the larger diameter of ice- 
coated wires will generally lead to the greatest stressing of 
the conductor material. The maximum wind velocities rarely 
occur at the lowest temperatures, but falling temperatures and 
rising wind are not unusual after sleet storms. In mountainous 
districts a transmission line may be subjected at certain points 
to gusts of wind blowing almost vertically clown ward; the pres¬ 
sure in such a case, being directly added to the weight of wire 
and the ice load, may lead to more serious results than an even 
stronger wind blowing horizontally across the line. 

Numerous observations have been made on wind pressures, 
and it is found that the pressure exerted on small surfaces is 
proportional to the sejuare of the wind velocity. It will also 
depend to some small extent upon the density of the air, or the 
barometric pressure; but the correction for barometric pressure 
is usually not worth making. 

Wind Velocity ,—It is well to distinguish between indicated 
and true wind velocities. The U. S. Weather Bureau observa¬ 
tions are made with the cup anemometer, and wind velocities 
over short periods of time are calculated on* the assumption that 
the velocity of the cups is one-third of the true velocity of the 
wind, for great and small velocities alike. This assumption is 
not justifiable, and a correction must, therefore, be made in 
order to convert the Weather Bureau recorded velocities into 
true velocities. Unless otherwise stated, when wind velocity is 
referred to, this must be understood to be the true velocity. 

Formulas for Wind Pressures ,—The formula proposed by the 
U. S. Weather Bureau (Prof. C. F. Marvin), giving pressure in 
pounds per square foot on small flat surfaces normal to the 
direction of the wind, is 

F = 0.004^7® (48) 

where B is the barometric reading in inches, and V is the wind 
velocity in miles per hour. 
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A similar formula, known as Langley^s formula, is 
F = 0.0036F2 


In the case of cylindrical wires, the pressure per square foot 
of projected area is less than on flat surfaces. The formula 
proposed by H. W. Buck^ and generally conceded to be correct is 

F = 0.0025F'-^ (49) 

where F is the pressure per square foot of projected surface of a 
cylindrical wire. A more convenient form of expression for this 
relation is 


^ dF2 
^ 5,000 


(50) 


where p is the pressure per foot length of the wire and d is the 
diameter of the wire in inches; and the denominator, although 



not exactly as obtained from Mr. Buck^s equation, is an easily 
remembered round number, which is very close to the average 
of many experimental results. The upper curve in Fig. 27 
has been plotted from Mr, Buck’s formula for cylindrical wires: 
while the lower curve for pressures on flat surfaces gives the rela¬ 
tion between pressure and wind velocity according to Professor 
Langley’s formula. 

Relation between Wind Velocity and Height above Ground .— 
Owing to the resistance offered by the ground surface, the force 

1 In paper read at the World's Fair, St. Louis, 1904. 
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of the wind is not so great near the ground as at high altitudes, 
and greater maximum wind pressures on wires must be allowed 
for when the line is carried on high steel structures than in the 
case of the average wood-pole line, as used for the lower voltage 
transmissions. 

F. F. Fowle^ has given valuable particulars based on mkximum 
wind velocities at different elevations, observed in Chicago. 
It would appear, from his measurements, that if the maximum 
wind velocity is 35 miles per hour at an elevation of 30 ft. above 
ground, the maximum wind velocity in miles per hour would be 
about 55 at 100 ft., 80 at 200 ft., and 100 at 280 ft. above ground 
level. 

Mr. Fowle suggests that overhead line calculations might be 
based on a maximum wind velocity of 47 miles per hour for 
ordinary steel tower construction, and 40 miles for wood-pole 
lines. These are probably safe limits, especially in climates 
where this maximum wind pressure is considered as acting on 
ice-coated wires. In exposed positions, and where the line runs 
through wide stretches of open country, it is well to allow a 
maximum of 60 for steel tower lines, and 50 for wood-pole lines. 
A very complete collection of wind-pressure formulas and 
recorded wind velocities at different elevations will be found in 
the paper by C. F. Elwell in the Journal of the (British) Institu¬ 
tion of Electrical Engineers, of March, 1923 (Vol. 61, p. 407). 
This paper has particular reference to the proper allowance for 
wind pressure in the design of tall steel towers. 

For the purpose of estimating the probable maximum stresses 
in wires and supporting structures, three classes of loading are 
considered in America, the selection of any one as the basis for 
calculations depending upon the locality.* 

Class A: Temperature 0®F.; no ice deposit; wind pressure 15 lb. 
per square foot of projected area. 

Class B: Temperature 0°F.; ice coating 3-^ in. radial thickness; 
wind pressure 8 lb. per square foot of projected area of ice-coated 
wire. 

Class C: Temperature 0°F.; ice coating % in. radial thickness; 
wind pressure 11 lb. per square foot of projected area of ice-coated 
wire. 


^ A Study of Sleet Loads and Wind Velocities/' Elec, Worlds Oct. 2f7, 
1910. 

* Hefer to the 4th edition of the National Blectiic Safety Code for a modi-* 
fied form of these loading assumptions. 
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A safety factor of 2 is usually allowed for wires, and 3 to 4 for 
wood poles. ^ 

In Great Britain it is usual to base calculations on a 
temperature of 22°F., an ice coating of in. radial thickness 
for high-voltage lines, 3^^ in. radial for low-voltage lines, and a 
wind pressure of 8 lb. per square foot on the projected area 
of the ice-coated wires. The factor of safety for conductors is 
2; for wood poles 3.5; and for steel structures 2.5, based upon 
the elastic limit of members in tension or the crippling load of 
members in compression. 

In nearly all countries special rules and regulations apply to 
crossings of main roads and railway lines where extra safety is 
required. There are also districts, especially at high altitudes in 
mountainous country, where exceptionally severe weather condi¬ 
tions render higher factors of safety desirable. 

S’wayiiig of Wires in Strong Winds .—If a transmission line is 
well designed and constructed, all the wires of one span will 
generally be found to swing s.ynchronously in any wind. Under 
exceptional conditions, however, trouble is liable to occur through 
wires swinging together, even when all details of design and con¬ 
struction have received careful attention. Troubles of this 
description are more likely to be met with when the spans are 
long and the sag in the wares nec(^ssarily large, and for this 
reason the spacing between wires must inerf^ase with increase of 
span length, irresx)ectivc of voltage considerations. Copper 
conductors are decidedly less likely to swing out of synchronism 
than aluminum conductors; not only because the latter have 
usually to be strung with a greater sag, but also because of the 
lightness of the material. Aluminum conductors of small sec¬ 
tion are easily shaken by sudden gusts of wind, and a little 
difference in sag will in all probability lead to non-synchronous 
swinging. It must not be overlooked that wires, after erection, 
do not always remain equally taut. This may be due to many 
causes, such as a slight slipping in the ties, straining of insulator 
pins on cross-arms, unequal ice loading, or local faults in the 
wires themselves. Again, it has been observed that during 
snowstorms all the wires do not always become coated to an 
equal extent, and such a want of uniformity the ice coating 
may well lead to wires being blown together in a strong wind. 

^ Refer to Art. 65 in Chap. VI for discussion of the expression ''factor of 
safetyas applied to steel towers. 
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On the high-tension transmission system of the Central 
Colorado Power Company, with spans averaging 730 ft., the 
lines cross some vcr}^ exposed positions at the openings to can¬ 
yons, and the excessively strong winds that occur at such points 
have been known to mix up the conductors. It was found 
necessary to dead-end the line at each tower, guy the towers, and 
increase the tension in the wires to a point near the elastic limit of 
the material, steel being used where necessary in lieu of copper. 

46, Calculation of Total Stress in Overhead Wires. —The 
formula (30a) of Art. 41 gives the relation between tension, sag, 
and weight for a wire strung between supports a known distance 

apart. Thus, if the tension P is known 
or assumed, the sag can readily be cal¬ 
culated. Now consider how this ten¬ 
sion can be computed, not only when 
the wire carries an increased vertical 
load in the form of ice deposit, but 
also when the effect of wind blowing 
across the line increases the total 
stress. If w is the weight per foot of 
the conductor without the extra load 
due to wind and ice, write nw for total 
loading in pounds per foot run of the 
wire, where n is the loading factor which 
takes account of the extra load on the wire under the most severe 
weather conditions likely to be encountered in the district where 
the transmission line is erected. 

It is usual to assume that the wind pressure acts in a horizontal 
direction and that the total load on a conductor is the resultant 
of two forces, one acting vertically downward due to weight of 
wire, together with added weight of sleet or ice, if any, and one 
acting horizontally due to the wind pressure. These forces are 
indicated in Fig. 28 where OF = p represents the wind pressure, 
OW = w the weight of the conductor, and WS the added weight 
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Fig. 28.—Diagram of forces 
acting on overhead wire. 


of ice. The resultant pressure OR is equal to V (OFY + (6sY- 
If the line runs through a country where sleet does not form on 
the wires, the maximum resultant pressure is OQ instead of OR if 
the assumed maximum force due to wind is the same in both cases. 
The diagram Fig. 29 gives values of the multiplier n (f.e., the 
OQ 

ratio of Fig, 28) corresponding to vanous wind velocities for 
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standard sizes of solid copper conductors on the assumption 
that there can be no ice formation on the wires, while Fig. 30 
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gives values of n ^i.e., the ratio for copper conductors when 
the weight is increased by a coating of ice 0.5 in. thick with a 
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V * •« Actual Wind Velocity, Squared. V *«■ Actual Wind Velocity, Squared. 

Flo. 31.—Chart ^ving factor n for aluminum conductors with- Fig. 32.—Chart giving factor n for ice-coatod aluminum 
out ice loading. conductors 
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correspondingly greater wind effect due to the increased diameter. 
The curves of Figs. 31 and 32 give similar relations but for 
conductors of aluminum instead of copper. 

The formula used for the calculation of wind pressure in con¬ 
nection with these diagrams is 


p = (d + - 4,820 

where d is the diameter in inches ^ the conductor, t is the radial 
thickness of ice deposit (if any), V is the actual wind velocity in 
miles per hour, and p is the wind pressure in pounds per foot 
length of conductor. 

This is the more correct form of the formula (50) already 
given. When using the diagrams, it should be noted that the 
distances plotted horizontally represent the squares of the wind 
velocities, and the sizes of the conductors are expressed in equiva¬ 
lent B. & S. gage numbers or in circular mils for the larger sizes. 

The curves of Fig. 29 are correct for solid copper wires; the 
values of n for stranded conductors would be somewhat greater 
because of the larger surface presented to the wind for the same 
vertical loading. The error introduced by using Fig. 29 for 
stranded cables is not of great practical importance. 

The curves of Fig. 31 are approximately correct for stranded 
aluminum conductors; but since the actual diameter will vary 
with the method of stranding, these charts are intended only for 
the use of practical engineers who are not interested in mathe¬ 
matical niceties. The calculations on the basis of the assump¬ 
tions previously made are, however, very simple. Thus, if 
a stands for the angle SOQ or SOR as the case may be (see Fig. 
28), write: 


tan a = 


horizontal loading 
vertical loading 


whence a and, therefore, sec a can be obtained from trigonomet¬ 
rical tables. This last quantity being the ratio 

vertical loading 

is the required factor n when ice loading is not considered. 
The correction to be made when the vertical load includes ice 
deposit is simple and obvious. 

The special case of. solid wires without ice coating can be 
treated as follows: 



im 


ELECTRIC COWER TRASSX. ISSION 


Wind pressure per foot length. p = ^ 

Vertical load per foot length (copper ). . .w = 3.02^^ 
Vertical load per foot length (aluminum) w = 0.92^^ 

„ . . JT^i ( 51 ) 

tv \ 

whence, for solid wires without ice deposit^ 

n (for copper) = 10^ 

n (for aluminum) = ^ 1 (53) 

Example: What is the ratio of the resultant load with actual 
wind velocity of 70 miles per hour, to normal load with wire 
hanging in still air, in the case of a No. 6 B. & S. copper conductor? 
The diameter is d = 0.162 in., and by formula (52) 


«= ^1 + 


= 2.3 


(7)^X 10' _ 

(0.162)2 X 21,200 X 10' 

When an overhead wire is loaded with ice or subjected to strong 
winds blowing across the line, the effect on the tension and maxi¬ 
mum sag is the same as if it were replaced by another wire sus¬ 
pended in still air (without ice coating) but weighing nw lb. per 
foot instead of w lb. per foot. The sag s expressed in terms of 
the span I and the horizontal component of the tension Pj, is, 


__ wnP 


which becomes the formula (30a) of Art. 41, Chap. IV, when n = 1. 
Similarly the general form of the formula (306) is 

hnP' 

where S is the stress in pounds per square inch in the wire. 

Although these relations between sag and tension or sag and 
stress are extremely simple, the calculation of the sag resulting 
from wind or ice loading in a particular span of wire suspended 
from two fixed points is not easy. An increase of load per foot 
length of wire from w to nw lb. produces a certain elastic length¬ 
ening of the wire which determines the resulting sag and, there¬ 
fore, the resulting tension. If there were no elastic elongation, 
the sag would remain unaltered, and the stress or tension would be 
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n times as great in the loaded as in the unloaded wire. The fact 
that account must be taken of the lengthening of the wire with 
increase of stress tends to complicate the problem. Since changes 
of temperature affect the length of the wire and, therefore, the 
sag and tension much in the same manner as changes of loading, 
the solution of the problem will be considered in connection with 
the effects of temperature variations. 

47. Effect of Temperature Variations on Overhead Wires.— 
If a is the temperature coefficient of the material of the conductor 
(see the table of constants in Chap. IV, p, 77), then the length 
of the wire when the temperature is raised t degrees is 

\t = X.(l + at) (54) 

in which \o is the original length of the wire. Formulas for 
calculating the length of the wire in an overhead line, whether 
considered as taking the shape of the parabola or catenary, were 
given in Chap. IV (refer to collected formulas on p. 100). 
The approximate formula for the length of a parabolic arc is 
sufficiently accurate for practical purposes, and the length of 
cable in a span between fixed supports 1 ft. apart may be calculated 
bv the formula 

X = Z+|^ ■ (55) 

where s is the sag at center of span, in feet. 

If it is desired to eliminate .s (the sag) from the formula, this 
quantity may be expressed in terms of the tension Ph or the 
stress S . By making the necessary substitutions, 


g hr 

+ 

11 

(55a) 

X - i 

X 1 + 

(555) 


The formula (54) giving the increase of length with increase of 
temperature assumes that the wire is unstressed, or that the 
stress remains unaltered notwithstanding the increase in tem¬ 
perature. This, however, is not the case with an overhead 
conductor. As indicated by formula (30a), the tension in a wire 
suspended horizontally between two fixed supports is almost 
exactly proportional to the square of the span and inversely pro¬ 
portional to the sag at center of span. The effect of temperature 
variation is to alter the length of wire and, therefore, the amount 
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of sag and tension. With a reduction of temperature, the length 
of wire wdll decrease; this will cause an increase in the tension, 
but owing to the fact that the wire will stretch under the influence 
of the increased tension, the sag at the lower temperatures will 
be somewhat greater than it would be if there were no elonga¬ 
tion of the wires with increase of stress. All sag-temperature 
calculations, whatever the method adopted, must, therefore, take 
into account not only the effect of elongation with increase of 
temperature, but also the effect of the elastic contraction of the 
wire with increase of sag. 

If P is the tension in a wire of cross-section A, and if E is the 
elastic modulus (as given for various materials in the table on 
p. 77), then the elongation of the wire due to the tension P is 


AX = 


X 

A XJJ 


the original length of the unstressed wire being X. 

P 

If instead of . the letter >S be used to denote the stress in 
A 

pounds per square inch of cross-section, the formula becomes 

AX = X X I (56) 


It is customary to assume that the material of the conductors 
is perfectly elastic up to a certain critical stress known as the 
elastic limit; that is to say, if the application of a certain stress 
produces a strain represented by AX, it is assumed that, on the 
removal of the stress, the conductor will contract to its original 
length X, and that this process of elongation and contraction 
follows a straight-line law. This is not scientifically correct, 
because, on removal of load, the amount of contraction is not 
directly proportional to the decrease of stress; but the depart¬ 
ure from the straight-line law is not considerable, and no serious 
error is introduced by disregarding refinements of this nature. 

A matter of greater importance is the fact that, when stranded 
conductors are used, the ratio between stress and strain is not 
correctly given by the modulus E as calculated from tests made 
on solid wires. The modulus for stranded cables will depend 
upon the number of strands, the “lay'' of the strands, whether 
the central core is of metal or hemp, etc., and it should be deter¬ 
mined by actual tests on samples of the completed cable; but 
since it will depend largely on the stress to which the cable has 
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been subjected, and will ultimately differ little from the coeffi¬ 
cient for solid wires, it is usual in sag calculations to use the same 
value of E for both solid and stranded conductors. 

48. Calculation of Sags and Tensions under Any Conditions 
of Load and Temperature.—It is assumed that the conductor is 
strung between two fixed supports on the same level, and that 
the material of the conductor is not strained beyond the elastic 
limit. The meaning of the symbols used is as follows: 

I = length of span, or straight-line distance between points 
of support, in feet. 

s = sag or deflection at center of span, in feet. 

5 = stress in conductor at lowest point of span, in pounds 

per square inch of cross-section. 

X = length of conductor between the two points of support. 

t == temperature, in degrees Fahrenheit. 

a ~ coefficient of linear expansion of the conductor per 
degree Fahrenheit. 

E == modulus, or coefficient, of elasticity, being the ratio of 
stress in pounds per square inch to corresponding exten¬ 
sion per unit length. 

w = weight of conductor in pounds per foot of length. 

n = loading factor, being a multiplier depending upon 
weather conditions (wind and ice) and the material and 
size of the conductor (defined in Art. 46). 
wn = resultant or total load in pounds per foot length, 
including wind pressure and ice (if any). 

6 == a constant depending upon the material of the conduc¬ 

ts 

tor. It is equal to ^ or to 1.5 times the weight in 

pounds of a cubic inch of the conductor material. 
ScytcjUc = known or assumed values of stress, temperature, and 
loading factor, upon which calculations for different 
conditions of temperature and loading are based. The 
other known quantities are, by formula (306), 


Se = and by formula (55), 


Xc = i + 


"3i * 


Numerical values for the quantities a, E, and k will be found in 
the tables of physical constants (pp. 77 and 80)* 
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With an increase of temperature from t to a wire of length 
X, ft. will increase in length by an amount 
AXc = a{t - ft. 

With an increase of stress from Sr to S lb. per square inch, a 
wire of length X^ ft. will increase in length by an amount 

' AX. 

E 

The resulting total extension when a wire is subjected to 
change of temperature and change of tension is^ therefore, 


— \c — Xf|^a(/ — tr) +- 


In order to obtain an equation expressing the sag in terms of 
temperature and loading conditions, make the following 
substitutions: 


By formula (55) 




By formula (306) 


The equation may then be written 

, , 8s* X _ . ^ I Xcfci*/n nA 

^ 3/ ~ E Vs Sc/ 

In order to solve for the new sag (s), multiply both sides of the 
3ls 

equation by and collect together all the terms containing 

o 

The equation then takes the form, 

• /3Z\r^ I I X /* l^XjcTicl SPXckn 




SP\ckn 


The only unknown quantity in this equation is s, and a solution 
may be obtained by trial for any desired values of the new tem¬ 
perature (0 and the new loading factor (n). 

A more convenient form of the equation (57) may be obtained 

as follows: Note that the quantity Xc — I may be replaced py its 
2 

equivalent also that no serious error is introduced by sub¬ 
stituting I for Xc in the three remaining places where Xc appears 
in the equation* This is because of the small difference between 
the lengths K and I when the sag is small relatively to the span I 
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After making these substitutions, it will be found that the 
equation connecting sag, temperature, and loading may be written 
as below, a form which is better adapted than equation (57) to 
the solution of practical problems. 


(t- Q = . 


8 ^.2 _ e 2 ') + 


(58) 


This equation is of the form, 

(i - Q = A(s^ - sA) + - ?) (58a) 

where the known quantities are n, ric^ and 


and 


A 


Sal^ 



l^'or every assumed value of t the corresponding value of .s may 
be calculated, but by far the <|uickest way of obtaining a solution 
is to assume values of « which do not differ very much from the 
known sag .s\., and then solve for the change of temperature 
(t — tf.). It may be well to point out that since equations (57) 
and (5S) are l)oth based on the assumption that the suspended 
cable takes the form of a parabola, they are not applicable to the 
special case of a cable having a very large sag relatively to the 
span. Equation (58) is sufficiently accurate for the solution of 
nearly all practical problems. If the sag is large in relation to 
the span, equation (57) will give more accurate results. If 
the sag or deflection at center of span exceeds 10 or 12 per cent 
of the distance between supports, an accurate solution can be 
obtained only by using the formulas based on the catenary. 
Even in that case a saving of time wilt usually be effected by 
using equation (58) in the first instance and then checking results 
with the catenary formulas. 

Example 14. Calculations for Sag-temperature Chart for Use of 
Construction Engineers in the Field, —The given particulars are 
as follows: 

Horizontal span, I = 480 ft., with rigid supports on the same 
level. 

Conductors, stranded aluminum No. 00 B. & S. 

Maximum stress, Sc ~ 14,000 lb. per square inch, with a 
combined load of 0.5-in. ice coating and 47-mile wind at a tem¬ 
perature ic = —20®F- 
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The other numerical quantities needed for solving equation 
(58a) are obtained as follows: 

Loading Factors ,—The square of the wind velocity is = 
( 47)2 = 2,210, and, from Fig. 32, = 8. The value of the load¬ 

ing factor under normal conditions when the wires are being 
erected (no ice or wind) is n = 1. 

Sag under Maximum Load Conditions ,—By formula (30^),* 

kn,P 0T48 X 8 X (480) ^ 

*• - -Sr ■-14,000- - 

where the figure 0.148 is the value of the coefficient k obtained 
from the table of physical constants on page 77. Other needed 
constants, taken from the same table, are 


a = 12.8 X 10-* 

and £ = 9 X 10« 

whence, for u.se in formula (58“), 

8 X lO" 


A = 


and 


3 X 12.8 X (480)2 


0.905 


_ 0.148 X (480)2 X 10« _ 
9 X~i0« X 12.8" 


Assume any value for s which does not differ very much from 
Sc. Trys = 18.5; then, by equation (58a), 

(< - tc) = 0.905(1^' - 19.5') + 296(^-^ - 
whence 

/ = 71 - 20 - 5rF. 


Similar calculations made for other assumed values of s give the 
following results: 

When 8 = 16.5 ft., t = ~FFF. 

When 8 = 18.5 ft., t = +51°F, 

When 8 = 20.5 it,, t ^ +123°F. 

These results have been used in plotting the curve of Fig. 33, 

which gives the men in the field all needed information for the 
correct stringing of the conductors whatever may be the tempera¬ 
ture at the time when the work is carried out. The figures on 
the curve, indicating tension in the wire, have been calculated by 
formula (30a). The weight per foot of the conductor {w in the 
formula) is obtained from the table on page 81, where w = 0.125 
for a stranded No. 00 aluminum conductor. 

•^As modified on p. 116 . 
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When the spans are short, the sag, under all temperature con¬ 
ditions, is very small, and it is more convenient to disregard the 
sag, and merely pull the wires until the required tension is indi¬ 
cated on a dynamometer. A suitable chart for such work is 
shown in Fig, 34, from which the proper stringing tensions at 
different temperatures may be read. 

Example 15. Illustrating Sag’-temperature Calculations. —Con¬ 
sider a seven-strand No. 000 B. & S. gage steel-cored aluminum 
conductor suspended between two fixed points (at the same eleva- 



17 17.S 18 18.5 19 19.5 20 

Sag at Canter of Span (Foat) 

Fig. 33.—SaK-temperature curve illustrating Example 14. 

tion) with a distance between them, I — 400 ft. It is specified 
that the tension in the cable must not exceed 3,000 lb. at a tem¬ 
perature of 0°F. with an ice covering of }i in. radial thickness 
and a wind pressure of 8 lb. per square foot of projected area. 
The problem is to calculate (a) the wind velocity at a temperature 
of — 20°F. which will produce the same maximum tension when 
there is no ice deposit on the conductors, and (6) the temperature 
at which the unloaded wire, hanging in still air, will have the 
same sag as under the specified conditions for masdmum loading 
at0°F. 

Solution (a).—If the loading factor n which will make the 
tension the same as in the ice-coated wire can be calculated, it 
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will be easy to determine the wind velocity which produces 
this loading. First calculate the value of Uc, i.e., the load¬ 
ing factor under the specified conditions, because the curves in 
the text do not refer to aluminum conductors with steel core. 

Particulars relating to steel-cored aluminum cables can always 
be obtained from manufacturers^ catalogues, but the diameter of 
a seven-strand composite cable may be calculated as follows. 
The center strand is of steel and there are six aluminum 
strands of which the total cross-section is 167,800 circular mil 



Tension in.Lbs.as Indicated by Dynamometer 
Fig. 34.—Chart giving tension at which wires should be strung. 


(refer to wire table on p. 81). The diameter of one-strand is, 

therefore, ^= 167 mils, and the diameter of the seven- 

strand cable is 3 X 0.167 = 0.501 in. The projected area per 
foot length of the ice-coated wire is, therefore, 0.0834 sq. ft., and 
the horizontal pressure due to wind is p == 0.0834 X 8 = 0.667 
lb. per foot length of wire. For the vertical loading, the weight of 
wire without ice is w — 1.39 X 10~® X 167,800 = 0.233 lb. per 
foot, where the figure 1.39 is taken from the table of physical 
constants of steel-cored aluminum conductors on page 80. 
The weight of ice deposit (see Aft. 45, p, 107) is 1.25^ (d + t) - 
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1.25 X 0.25 (0.501 + 0.25) = 0.235 lb. per foot. The total 
vertical load under the specified conditions of maximum loading; 
is, therefore, 0.233 + 0.235 = 0.468 lb. per foot, and the loading 
factor (see Art. 46, bottom of p. 113) is 

_ \/(0:468j^'T7 o.6()7P _ „ ^ 

0.233 ' 

The sag corresponding to the specified maximum load condi¬ 
tions is now easily calculated by formula (30a). The horizontal 
component of the tension is usually so nearly equal to the maxi¬ 
mum tension (at point of support) that it is permissible to put Fn 
= 3,000 in the formula. Thus 

_ {wnr)F ^ 0^233 X 3.5(400)2 _ ^ 

“ 8A " " " 8 X 3,000 

If it is desired to correct for the difference between the maxi¬ 
mum pull {Pb) and the horizontal pull (P/,), this difference, by 
formula (31), is equal to the product of the sag and the weight 
per unit length of the conductor. In this instance, the difference 
is approximately 5.44 (0.233 X 3.5) = lb., so that the hori¬ 
zontal component of tension Ph is more nearly equal to 2,995 
than 3,000 lb.; but the correction is not worth making. 

Since one condition of this problem is that the maximum ten¬ 
sion shall be the same under the two conditions considered (with 
and without ice loading), write 

p _ wUcP _ wnP 

* “ ~8s7 “ 

whence 

n _ ^ _ 3.5 
s Sc 5.44 

the meaning of which is that if the stress in the wire remains 
constant, the ratio of loading factor to sag will also remain 
unaltered. 

In order to solve for the new loading factor n, first calculate 
the new sag s. Referring to equation (58a) expressing the rela¬ 
tion between temperature, sag, and loading, it is evident that the 
last term becomes zero, and 
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The numerical value for a is 10.5 X 10~® as given in the table 
(»f physical constants for steel-cored aluminum conductors (p. 80). 
. bus, 


-20 - 0 - 


8 X 10« 

3 X 10.5(400)2 


[§2 -(5.44)2] 


whence s = 4.12, which makes it possible to calculate the loading 

factor because t—t; = whence n = 2.65. 

4.12 5.44 

The wind velocity which will have the effect of making the 
total load on the wire 2.65 times what it is when there is no wind 
may be calculated by formula (51) if the horizontal component 

dF2 

of pressure place of p. Thus 


2.65 


\ ^ Vo.233 X 4,820/ 


2 


whence V = 74 miles per hour (approximately). 

The answer to part (a) of the problem is that a 74-mile wind 
blowing across the line when the temperature is — 20°F. will 
stress the material to the same extent as the combined effect of 
in. ice deposit and a wind pressure of 8 lb, per square foot 
(about 60 miles per hour^) acting on the ice-coated wires at a 
temperature of 0°F. 

Solution (6).—Referring again to formula (58a), since there is 
no change in the sag, the first term on the right-hand side of the 
equation becomes zero, and since n = 1, 


which can be solved for t. 

fc/2 S 

Substituting for -- its equivalent —> 

Sc Uc 


a X E 




where Sc is the stress in pounds per square inch under loaded 
conditions. The total cross-section of the cable is % X 167,800 

3 000 

= 196,000 circular mils, or 0.154 sq. in., whence Sc = — 

19,500 lb. per square inch. The modulus of elasticity (E) may 
‘ Read of! Fig. 27, p. 109. 
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be obtained from the table of physical constants on page 80, 
where its numerical value is given as 12 X 10®. Thus 

/ == 19,5 00 X 10 ® _ 1 \ 0 

16.5 X 12 X 10®v 3.5/ 

= 110.5°F. 

This is a temperature which the wire will rarely, if ever, attain; 
but there are instances—especially in connection with aluminum 
conductors without steel cores,—where the summer sag (without 
wind) is greater than the maximum deflection of the loaded con¬ 
ductor under storm conditions at low temperatures. 

49. Sag-temperature Calculations with Supports at Different 
Elevations.—The manner in which tensions and sags can be 
calculated for wires suspended between supports at different 
elevations was explained in Art. 42, Chap. IV, but the main 
concern now is the effect of temperature variations on the sag 
(and tension) of a particular span. 



Fig. 35.—Wire hung between supports at different elevations. 


Consider, in the first place, the arrangement illustrated by Fig. 
35, where the relation of length of span to difference of elevation 
is such that there ia a sag s of the wire below the level of the 
lower support A. It is desired to determine the manner in which 
the vertical sag s varies with change of temperature. Usually 
the required tension in a wire at the time of stringing is deter¬ 
mined by the maximum possible tension under conditions of 
greatest loading, i.e., at low temperature with strong wind 
blowing, and including ice deposit in districts where ice may be 
expected. The charts prepared for the engineers erecting the 
conductors assume no ice loading and usually no wind, so that 
it is convenient to calculate in the first place the temperature at 
which the sag will have some particular value after the abnormal 
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loading due to wind and ice (if any) has been removed. The 
calculations are simplified by assuming the same sag (or deflec¬ 
tion at center of span) as when the wire is subjected to the maxi¬ 
mum loading. This is what was done for a span with supports at 
the same elevation in Solution (b) of the preceding Kxample 15. 
The writer has found this method very useful in simplifying 
calculations^ and instead of using formula (57) or (58) as a start¬ 
ing point, the same result will be obtained by a step by step 
process of reasoning which is easy to follow. 

The relation between sag and stress, as expressed by formula 
(305), is 



.s* 


when a wire hangs between supports Z ft. apart in still air. The 
general form of this equation is 



6 * 


where n is what has been defined as the loading factor. It follows 
that, if there is no change in the sag, the tensile stress S in the 
material will be n times as great when the wire is loaded than 
when this load is removed. Obviously, this simple ratio between 
tensions does not hold unless the temperature of the wire is increased 
so that its length remains unaltered. 

Let to be the temperature at which the loaded conductor is 
stressed to the maximum working limit of Sm lb. p>er square 
inch of cross-section. When the temperature is raised from U 
to Ze°F., the increase of length due to change of temperature is 

AX = Xa(4 — to) 

and the decrease of length due to elastic contraction with reduc¬ 
tion of stress is 

“ - >"(' - i) 

For the condition of no change in length, i,e,, constant sag, it is 
necessary merely to equate these quantities and solve for Z,. 
Thus, the temperature at which the unloaded cable will have the 
same maximum deflection ^as the loaded cable at a lower tempera¬ 
ture U is 

“ W^i} ~ n) 


( 59 ) 
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The curves of Fig. 36 give approximate values for tc — to 
calculated by formula (59) for different materials and loading 
factors. 

Example 16. Sag-iemperaturc Calculations with Supports at 
Different Elevations, —Suppose the given data to be as follows: 
Conductor, No. 4/0 stranded copper. 


Clitirt giving temperature rise which 
vs III a ake tag of etraudcd conductor 
hanging unloaded in still air equal 
to defiertlou ander conditions Of 
inaxinium stress— - 

t 1 \ 

Ordinatei of CurveI'll/ 
Where £m~mazimura stress, lbs. 
per sq. inch 
tt — temp.cocfficent 
E >—modulus of elasticity 
n —ratio of resultant or 
total load per foot 
under worst conditions 



(U oa 0^ OA 0^ 0.6 0.7 0.8 0.9 LO 

Ratio ^(beloE reciprocal of multiplier n ) 

-Chart for determining temperature (te) at which unloaded wire haa 
same aafj as loaded wire at temperature t,. 


Cross-sectional area, A = 0.1GG2 sq. in. 
Weight per foot run, w = 0.647 


From table, page 81 


Modulus of elasticity, £? = 15 X 10* i From table. 

Coefficient of linear expansion, a = 9.3 X 10~* J page 77 
Maximum permissible stress, Sm - 28,000 Ib. per square inch 
with in. ice deposit and 56-mile wind at 22°F. 


Horizontal distance between points of support, I = 1,000 ft. 
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Difference of elevation (h in Fig. 35) = 30 ft. 

On account of the small difference of elevation compared with 
the span length, it is permissible to consider the straight-line 
distance I' between points of support as being the same as the 
horizontal distance. Actually, ‘ 


r = 


cos 6 ~ 21 


but the correction is not worth making in this instance. Note 


Scale of Tension (Pounds) 



Fig. 37.—Sag-temperature curves illustrating Example 16. 


also that, for the same reason, namely, because cos d is very 
nearly unity, the horizontal component of the tension is very 
nearly equal to the tension in the direction AB (Fig. 35). No 
appreciable error will be introduced by assuming the horizontal 
component of tension under conditions of maximum load to 
be Fa = 28,000 X 0.1662 == 4,650 lb. The loading factor, as 
read off Fig. 30 (p. 113), is approximately n = 2.5; therefore, the 
tension in the wire at the temperature to when the wire hangs 
1 See footnote on p. 89. 
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freely without additional loading, but mth the same sag as under 

4 650 

maximum load conditions^ is Pc — \ “ 1,860 lb. 

A. 5 


The increase of temperature which will bring about this condi¬ 
tion, as read off Fig. 36, is approximately (tc — to) = 117°F., so 
that the actual temperature would have to be 117 + 22 = 139°F. 
Since this is a very high temperature, the tension in the unloaded 
wire will usually be greater than 1,860 lb. and three arbitrary 
values will be assumed for P/t, namely 2,000, 2,100, and 2,200 
respectively, and then the corresponding sags will be calculated 
by the step-by-step method followed in the accompan 5 dng table. 

The curves of Fig. 37 give the results of the calculations in 
graphical form. In practice, the deflection s' at center of span 
is easily measured by sighting between two points on the support¬ 
s' 

ing towers.. ft. below the points of attachment of the wire. 

^ cos 6 


Numerical Example 16. Calculations for 8ao-temperatuke Curves 


a, Assumed tension P in direction AB. . . 

Pe “ 1,860 

2,000 

2,100 

2, 2(H) 

b. Horizontal component of tension, 
Ph = P cos 0 (approximately equal 
to P in this example) . 

1,860 

2,000 

2,100 

2,200 

c. Maximum deflection from straight line 

AB. Formula (30), s' = - 

81,000 ' ^ 

Ph . 

d. By formula (40), 

1-t “ 500 y ^ j 

. 

43.5 

40.5 

38.0 

36.8 

413.5 

407 

402.3 

397 7 

e. Vertical sag; by formula (42); 

8 « 0.323^- ft. 

29.7 

26.8 

24.9 

23.2 

/. Length of wire; bv formula (55), 
X = r + (appro*.) 

= 1,000 + ft. 

Xe « 1,005.05 

1,004.38 

1,003.97 

1,003.61 

g. Total elongation, X — Xc ft. 

k. Elongation due to stress variation; 

0 

-0.67 

1 -1.08 

! -1.44 

by formula (56), substituting 1' for X; 

^X. - . t’7Yfft... 

0 

0.056 

0.09C 

0.136 

^ E\ A / 2,490 

t. Elongation due to change of tempera¬ 
ture « (r/) — (h) it . 

0 

-0.726 

-1.176 

-1.576 

j. Increase of temperature (t — te) « 
- Item (.) X 107.S (ap- 

o X X 

proximately). 

0°F. 

-.780F. 

- 126®F. 

-169°F. 

Temperature i -f (j) « 139 -f- U) 

U « 139^F. 

orF. 

1 13®F. 

- 30”F. 


Example 17. Short-span Line on Steep Incline .—When a 
transmission line is run up the side of a hill, and the difference in 
elevation of the successive supports is large in comparison with 
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the span, the sag-temperature curves based on the assumption 
of supports on the same level are no longer applicable. The man¬ 
ner in which correct sag-temperature curves may be calculated 
for a line on a steep incline is illustrated by the following numeri¬ 
cal example. 


Given: Conductor, No. 0 B. <fe S. solid copper 
Diameter, d = 0.325 in. 

Cross-section, A = 0.083 sq. in. 

Weight of wire per foot run, w — 0.32 lb. 

Maximum tension in wire = 915 Ib.^ 

Wind velocity, 78 miles per hour, giving a pressure of 
15 lb. per square foot of projected surface of wire at a 
temperature of 22°F. No ice coating. 

Horizontal distance between supports, I = 190 ft. 
Difference of elevation between supports, h = 140 ft. 


Referring to Fig. 38, it is seen that the straight-line distance 

AB is equal to - or a/( 195)'^ + (Hb)- = 240 ft. 
cos 0 

In order to calculate the maximum deflection ,s*' at center of 
span when there is no extra loading due to wind and ice, use the 
fundamental relation 

__ (span)'^ X (weight per unit length) 

' 8 X (tension in wire) 


When the line is on the slope, as indicated in Fig. 38, the load 
per foot run is not w, but cos d\ then, if P = tension in wire at 
center of span, 


, _ (>4R)2a>cos^ 


(60) 


which is simply another way of writing the fundamental formula 
(30) which was developed in Art. 41, Chap. IV. 

When the effect of extra loading due to wind and ice deposits 
is to be considered, the loading factor as calculated in Art. 46 
for level spans is not applicable. When a horizontal wind blows 
at right angles to the line AB oi Fig. 38, the total loading due to 
gravity, resolved in a direction perpendicular to the line AB, is 


^ This includes a large factor of safety. A low value for the tension 
has been assumed in order to increase the amount of sag and bring out more 
clearly the difference between spans on a slope and on level ground. 
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(v) + ice) cos 6 per foot run; and if p is the pressure of the wind 
(per foot of wire) blowing across the line, the resultant loading is 

\/+ {w + ice)*’ cos^ d lb. per ft. 
whence, by definition, the loading factor is 


\/p2 cos^ ^ 

w COS 6 


(bl) 


This is the general form of the formula (51) which is true only 
for the special case of 6 — 0 and no ice deposit. It is the factor 
by which w cos 6 must be multiplied to obtain the total loading 



Fig. 38.—Transmission line on steep incline. 


per foot of wire. The general expression for the maximum deflec¬ 
tion of a wire suspended between two fixed points A and B is, 

therefore, _ 

, (ABy \/-f + icej^ cos^ $ 

The numerical values of these quantities are 
^5 = 240 

p = 15 X = 0.406 

w — 0.32 
= 0 

« 195 

* ■ 240 “ 

P - 915 


Ice loading 


0.8125 
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Substituting in formula (62), the deflection is found to be s' = 
3.8 ft. 

This is the maximum sag under loaded conditions. When the 
extra load is removed, and the temperature raised until the sag is 

P 

again 3.8 ft. j the tension in the wire will be — wherein n has the 

value as given by formula (61), which in this example is 1.85. 
915 

Therefore Pc == == 494 lb., and the temperature at which this 



8 8.6 4 4.6 6 5.6 

S«ir, or maximiun deflection from straight line*-Feet 


Fig. 39.—Sag-temperature curves illustrating Example 17. 


particular condition of sag and tension (in the unloaded wire) 
will occur is, by formula (59), 


tc 


915 X 10« 

0.083 X 15 X 10« X 




= 58'’F. (approximately) 


The temperature corresponding to other (assumed) values of 
sag may be calculated by means of formula (58a), bearing in mind 
that it is pecesswy to put I' =* AB in place of I, and k coa d 
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( ~ method of procedure has already 

been illustrated by Example 14. 

The curve marked (a) in Fig. 39 gives the results of the calcula¬ 
tions. The second curve, marked (6), gives the relation between 
sag and temperature for an exactly similar span except that the 
points of support are approximately at the same elevation. The 
separation between points of support, the conditions of maximum 
loading, and the permissible maximum tension are the same in 
both cases, but, owing to the difference in the loading factors, the 
relation between temperature and sag, or temperature and 
tension, when the load is removed, is not the same for the line on 
an incline as for the level span. The loading factor calculated 
for the level span is = 1.58. 

%0, Wire Tensions When Successive Spans are not of the 
Same Length. —When stringing overhead wires, it is customary 
to pull up a number of spans at one time, the proper tension as 
recorded on the dynamometer being that calculated for one par¬ 
ticular length of span and the particular temperature at which 
the work is carried out. This method is entirely satisfactory 
when all the spans in the section are equal, but the calculation 
of the proper tension in the wire at the time of stringing is less 
simple when the spans are not all of the same length. 

Consider, first, a line with unequal spans and wire tied securely 
to pin-type insulators. If the wires could be strung under weather 
conditions which will stress the material to the safe working 
limit, it would be correct to pull the wire to this particular ten¬ 
sion and then tie securely at each insulator. It should be noted, 
however, that, with removal of the additional load, with or 
without change of temperature, there will be unbalanced pulls 
tending to bend the insulator pins unless the spans are all of the 
same length. There is one exception to this statement, namely 
that at a particular temperature which the writer has elsewhere^ 
referred to as the critical temperature,^’ the tension in the 
unloaded wire will be the same in all spans irrespective of their 
length. This particular temperature is that at which the 
unloaded wire, hanging in still air, will have a sag equal to the 
maximum deflection of the loaded wire under the specified condi¬ 
tions which produce the maximum safe stress in the material. 

^^‘Sags and Tensions of Overhead Conductors,” EUc. Worlds voL 69, 
p. 1021, May 11, 1912. See also Solution (b) of Example 15 on p. 126. 
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This ‘^critical temperature'^ may be calculated by the formula 

where Sm, == maximum stress in the material (pounds per 
square inch) 

E = modulus of elasticity 
a = temperature-elongation coefficient 
w = weight per foot of unloaded wire 
{nw) = total load per foot of wire, including wind pressure 
and ice (if any) 

to == temperature at which maximum load occurs. 

Figure 34 illustrates a particular case in which the critical 
temperature" is about 98°F., and if the wire were strung at this 
temperature, it would be a matter of indifference whether or not 
the spans were all of the same length. When stringing at any 
other temperature, the question arises as to which of the several 
curves will indicate the correct tension at which to pull up the 
wires when the spans in a particular section are not all of the 
same length. 

If it is admitted that a small lateral movement in the direction 
of line is possible at points of attachment—such as actually 
occurs when the suspension type of insulator is used—the tensions 
in the consecutive spans of unequal length will be approximately 
the same at all temperatures. The relation among tension P, 
span and sag s is 



where P is in pounds, I and s in feet, and w is the weight, in 
pounds, per foot length of wire. 

Any tendency to unbalance the pull on the two sides of a point 
of attachment will simply cause this point to move until the ratio 
P ^ 8 is the same in all the spans irrespective of length. It is 
thus seen that, in a series of spans of different lengths, but in 
which the points of suspension intermediate between the two 
strain tower attachments are capable of small horizontal motion, 

12 

thus equalizing the tension in adjoining spans, the ratio - will be 

s 

approximately the same at all temperatures. 

Imagine, now, that the actual series of spans is replaced by a 
number of spans aU of the same length, such that the total length 
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of wire in the section and the tension at any particular tempera¬ 
ture are the same as in the actual arrangement. The important 
difference between the imaginary series of equivalent'^ spans 
and the actual series is that, since the equivalent spans are all 
of the same length, there will be no movement of the point of 
aUachment with change of temperature (and stress). The inter¬ 
mediate points of support may, therefore, be considered fixed in 
position, and calculations based on a single '‘equivalent" span 
may be used for determining stringing tensions which will apply 
not only to the series of imaginary "equivalent" spans but to 
the actual arrangement also. 

Calculation of Equivalent Span .—Given a wire of weight w lb. 
per foot, suspended horizontally between two points I ft. apart, 
the length of wire in the span is 

where P is the tension in the wire (pounds). 

The total length of wire in a section consisting of several spans 
of lengths liyh ■ • etc. will be 

Xi + ^2 + . • . etc. = SZ + 

It is assumed that slipping at points of attachment is possible, 
or that suspension-type insulators are used, permitting the small 
lateral movement of the points of support which will occur with 
changes of temperature if the spans are of unequal length. Con¬ 
sider the actual arrangement of spans to be replaced by a series 
of tie "equivalent" spans all of the same length le. At any given 
temperature, the total length of wire in the section and the tension 
in the wire must be the same as in the actual series of spans, a 
condition which is expressed by the equation 

n.X, = n, [l. + = Si + 2 ^, SP 


Note that which reduces the equation to a simple 

form from which the length of the equivalent span is seen to be 



This is the length of span which should be used for calculating 
the stringing tension at various temperatures, if the wires in 
the section consisting of several unequal spans are pulled to the 
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tension indicated by these calculations, they will not be over¬ 
stressed when the weather conditions are such as to produce the 
specified or assumed maximum load. 

The use of the average span in these calculations is incorrect, 
although with small differences of length among individual spans 
the error is not of any practical importeince. Moreover, with 
very great differences of length in adjoining spans, it is customary 
to dead-end the wires at the junction of the two spans, so that 
an exact formula for the “equivalent” span is not often needed. 
The following numerical example shows that there may be an 
appreciable difference between the average and equivalent span 
lengths. 

Consider four spans in the dead-ended section, of lengths 300, 
300, 800, and 400 ft., respectively. The average length of span 
is 450 ft., but the equivalent length calculated by formula (62a) 
is 592 ft. 



CHAPTER VI 


TRANSMISSION LINE SUPPORTS 

61. General Considerations. T 3 rpes of Transmission Line 
Supports.—The supporting poles or structures for overhead 
electric power transmission lines are of various kinds. Where 
the ordinary wood telegraph pole or a larger single pole of similar 
type is not suitable, double poles of the or type, or even 
braced wooden towers of considerable height and strength, may 
sometimc^s be used with advantage. Unde r certain conditio ns 
it may be poler or Tight m nfl tn of latticed 

steel, i^SiTor comparatively sh ort spans; an dj)oles.of reinforced 
conUreteTiavelimc^^ rec ommend th em. But for long spans, 
and the wfde"spacing of wires necessar}^ with the higher pressures, 
steel towers, either of the rigid nr flexible type, will generally be 
recjuired. 

The decision as to the best type of line to adopt is not easily 
or quickly arrived at. The problem is mainly an economic one, 
and the decision will depend, not only on the first cost of the 
vario us types of lin e construction, butjilso on the probable life 
of th e line and the cost of maintenance. .. 

It is necessary tcTmake up many preliminary estimates of the 
completed line, and these must obviously include, not only the 
cost of the various types of supporting structure delivered at 
points along the line, but also the cost of foundations and erection. 
Again, even if a suitable kind of wood is readily available in the 
district to be traversed by the transmission line, it is possible that 
the cost of seasoning the poles, and treating them with preserva¬ 
tive compounds to ensure a reasonably long life, may render the 
use of steel structures more economical even for comparatively 
low pressures. The use of Utticed steel poles, from 30 to 40 ft. 
high, capable of being shipped and handled in one piece, appears 
to be gaining favor in districts where ultimate economy over wood 
poles can be shown to result from the adoption of these light steel 
structures. The life of a steel tower line depends somewhat on 
climatic conditions. In Great Britain the dampness of the 

139 
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climate, together with the impurities in the atmosphere in the 
neighborhood of manufacturing and populous districts, renders 
light steel structures less durable than in America (except, perhaps, 
on the Pacific coast, where special precautions are required to 
guard against rapid corrosion due to the prevalence of fogs and 
moisture). Not only has the iron-work protected by paint to 
be repainted on the average every 3 years, but the spans must 
usually be short, as the private ownership of valuable property 
renders the construction of a straight transmission line with 
long equal spans almost impossible in the United Kingdom. 
These conditions are all in favor of the employment of selected 
and well-creosoted wood poles, the life of which may be 30 years 
or more. 

When making comparisons between wood and steel for trans¬ 
mission line supports, it is not only the matter of first cost that 
has to be considered. Steel structures have the advantage of 
being invulnerable to prairie and forest fires; moreover, owing to 
the longer spans rendered possible by the stronger and taller 
supports, there is less chance of stoppages owing to broken insula¬ 
tors, and less leakage loss over the surface of insulators. A 
fact that is often overlooked is that the size of conductor limits the 
practical length of span; for instance, with a small conductor 
such as a No. 4 B, & S., it would not be wise to have spans much 
above 250 or 300 ft. This suggests what is frequently found to be 
the case, namely, that the total cost of a line may be reduced by 
using a conductor of rather larger section than the electrical cal¬ 
culations would indicate as being necessary, because the stronger 
cable permits of a wider spacing of the supporting towers. 

62. Wood-pole Lines.—Among the varieties of straight-grow¬ 
ing timber used for pole lines on the American continent may be 
mentioned cedar, chestnut, oak, cypress, juniper, pine, tamarack, 
fir, redwood, spruce, and locust. In England the wood poles are 
usually of Baltic pine or red fir from Sweden, Norway and Russia. 
The woods used for the cross-arms carrying the insulators include 
Norway pine, yellow pine, cypress or Douglas fir, oak, chestnut, 
and locust. 

Probably the best wood for poles is cedar; but chestnut also 
makes excellent durable poles. Much depends, however, on the 
nature of the soil, and, generally speaking, poles cut from native 
timber will be more durable than poles of otherwise equally good 
quality grown under different conditions of soil and climate. 
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With the more extended adoption of preservative treatments 
(to be referred to later), the inferior kinds of timber which 
under ordinary conditions would decay rapidly, will become of 
relatively greater value, and with the growing scarcity of the 
better kinds of timber, it is probable that poles of yellow pine, 
tamarack, and Douglas fir will be used more extensively in the 
future. 

The trees should be felled during the winter months, and after 
being peeled and trimmed should be allowed to season for a period 
of at least 12 months. 


Galvanised Iron 
LUhtnlnc Rod 



Special Pin for 
Polo-Top Inaalator 



Oaivanixed Iron^ 
Brace a x 38 


Galvanised Steel Cable 
connecting Lightning Rod 
to Ground i 


Fig, 40.—Pole-top details. 


Single three-phase lines transmitting energy at about 22,000 
or 33,000 volts are frequently carried on single wood poles having 
a top measurement of 7 or 8 in. in diameter. The separation 
between wires would be about 40 in» for 250 ft. spans, and 36 in. 
for an average span of 200 ft. Figure 40 shows a pole top arranged 
to carry a 22,000-volt three-phase line without overhead guard 
wire, but with lightning rod attached. It is not customary to 
provide every pole with a lightning rod, but unless these rods 
are spaced at frequent intervals (about 400 ft. apart), they will 
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not afford much protection to the line. In exposed positions 
and at angles, pieces of bent flat iron may be fitted with advan¬ 
tage on the cross-arm near the insulators, as shown by the dotted 
lines in Fig. 40, These pieces serve the double purpose of hook 
guard in case of the wire slipping off the insulator, and of addi¬ 
tional protection against lightning. A discharge from the 
line tends to leap across to this grounded metal horn over the 
surface of the insulator, thus frequently preventing the piercing 
or shattering of insulators. 



Fig. 41.—Typical “A” frame construction for duplicate three-phase line. 


A simple A-frame construction for a duplicate three-phase line 
operating at 11,000 volts, is shown in Fig. 41. This is a much 
stronger construction than the single pole line and permits of 
longer spans, even when carrying fairly heavy conductors. 
When only three wires have to be carried, a more economical 
construction consists in using two poles with a single cross-arm 
joining the tops of the poles. No bracing of the cross-arms is 
necessary, and no extra bracing need be provided between the 
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poles. There are many instances of 110,000-volt three-phase 
lines being carried on wood-pole structures of this type, the 
wires being carried by suspension-type insulators attached to 
the center and two ends of the single cross-arm. A modern 
example of this construction is the 110,0(X)-volt line of the Cali¬ 
fornia Oregon Power Company, between its Copco plant and 
Delta, Calif., a distance of 77 }-<2 miles. Three stranded copper 
cables of 250,000 circular mils cross-section are carried on sus¬ 
pension insulators attached to a single horizontal cross-arm of 
untreated Douglas fir, measuring 6 in. by 8 in. by 22 ft. long. 
Butt-treated Idaho cedar poles, averaging 00 ft. in length are 
used, and the spans range from an average of 600 ft. to a maximum 
of 1,500 ft. 

A similar construction has been adopted by the Washington 
Water Power Company for the recent extensive development of 
their 110,000-volt transmission lines. The suspension insulators 
are spaced 10 ft. apart on 22-ft. cross-arms bolted near the top 
of two 50-ft. butt-treated cedar poles set 8 ft. in the ground. 
On most of these lines two stranded galvanized-steel 

ground wires are attached to the tops of the poles, partly to 
provide protection from lightning, but also to increase the 
mechanical strength of the line. One of the earliest instances of 
wood poles used for high-pressure power transmission is the 
100,000-volt three-phase transmission line of the Montana 
Power Company, where each supporting structure consists of 
two 45-ft. cedar poles connected at the top by a single cross- 
arm, but provided with no additional bracing or stiffening mem¬ 
bers between the poles. This line runs from Great Falls to Deer 
Lodge, Mont., a distance of 140 miles; it consists of three No. 
4/0 copper conductors, and supplies power to the Chicago, Mil¬ 
waukee & St. Paul Railway, 

In districts where wood poles are available, economy may be 
effected by erecting wooden structures in place of the steel 
strain towers which are more generally used. A simple wooden 
structure consisting of only three main poles is used by the San 
Diego Consolidated Gas and Electric Company for carrying 
spans up to 4,437 ft. long.^ 

A still more remarkable instance of engineers having had the 
courage to depart from what is generally considered common 

1 See detailed description by K. B. Atbbs, Bhc, Worlds vol. 84, p. 114, 
July 19, 1924. 
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practice is the l,6H-ft. river crossing on the line between Astoria, 
and Flavel, Ore., where wood-pole towers 135 ft. high have been 
used. 

63. Life of Wood Poles. Preservative Treatment.—It is 

not easy to estimate the probable life of poles, because this will 
depend not only on the kind of timber, but also on the nature of 
the soil, climatic conditions, the time of seasoning, whether or 
not the poles have received treatment with preservative com¬ 
pounds, and the nature of such treatment. 

In England the life of well-seasoned, creosoted poles may be 
about 35 years in good soil, and from 18 to 20 years in poor 
soil. On the American continent, where untreated poles have 
been used in large numbers, the average life is probably about 12 
years. The better woods, such as cedar and chestnut, might 
last on the average 12 to 14 years, while juniper and pine might 
have to be replaced in 6 to 9 years. On certain lines where 
untreated poles of unsuitably timber have been erected in poor 
soil, or where destructive insects are particularly active, the poles 
have had to be replaced in fess than 4 years. 

The effect of preservatpe treatment upon the life of wood 
poles is very noticeable,/especially in the case of the poorer 
qualities of timber. The/ average life of butt-treated cedar and 
chestnut poles is 20 year^, and even pine, when properly treated 
with preservative compound, may have a life of 20 years in a 
dry climate. 

There is a case on record of two 70-ft. Western red cedar poles 
originally installed in 1905 which were found to be in such good 
condition that they were removed (after 20 years^ use) and 
reerected upon another site. The life of a pole depends largely 
upon the facility with which water can drain away from the 
portion buried in the ground. Marshy soil is generally bad for 
wood poles, and also ground that is alternately wet and dry. 

Preservative Treatment of PoZes.—Many chemical solutions 
and methods of forcing them into the wood have been tried 
and used with varying success; but it is generally conceded that 
treatment with coal-tar creosote oil gives the best protection 
against decay; and its cost is probably lower than that of any 
other satisfactory treatment. Corrosive sublimate (bichloride of 
mercury) is used in the ^‘kyanmng process'^ of wood preserva¬ 
tion, and zinc chloride is satisfactory under certain conditions. 
It is cheaper than creosote, but it is soluble in water and is. 
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therefore, of little use for the treatment of pole butts except when 
the poles are to be erected in dry soils. 

There are three recognized methods of applying creosote oil 
in the preservative treatment of wood poles: 

a. The high-pressure treatment (Bethel system). 

b. The open-tank treatment. 

c. Brush treatments. 

High-pressure Treatment ,—This is undoubtedly the best, but 
it is also the most costly. The poles, after being trimmed and 
framed, are placed in large treating cylinders capable of being 
hermetically closed. If the poles are green or wet, they are first 
subjected, in these cylinders, to a steaming process from 3 to 8 
hours, the steam being admitted under a pressure of 12 to 20 lb. 
The steam is then blown off, and the treating cylinder is exhausted, 
the vacuum tKung maintained for a period of 1 to 2 hours. 
Immediately afterward the creosote is forced in under pressure 
at a temperature of 140 to 2(X)‘^F. Seasoned timber is not sub¬ 
jected to the steaming process, but the temperature inside the 
treating cylinder is raised by means of heating coils to about 
150°F. prior to the filling process. 

The poles will absorb from a minimum of 10 lb. to a maximum 
of 15 lb. of oil per cubic foot. The softer and more porous woods 
will absorb the most oil; but on the other hand, the benefit such 
woods derive from the treatment in the matter of increased life is 
more marked than in the case of the closer-grained timber. 

Open-tank Treatment ,—The butts of the poles are placed in 
the creosote oil, which is preferably heated to a temperature of 
200 to 220°F. They are maintained in this bath for a period of 
1 to 3 hours, after which they are placed in cold oil for another 
period of 1 to 3 hours. This process wiU permit of a complete 
penetration of the sapwood to a height of about 2 ft. above 
ground level. When properly carried out it is capable of giving 
very satisfactory results. The open-tank process is especially 
applicable to the tieatment of the more durable kinds of timber, 
such as cedar and chestnut. 

Brush Treatment —The oil is applied hot with hard brushes, a 
second coat being applied after the first has soaked in. The 
temperature of the oil should be about 200°F. This method of 
application of the oil is the cheapest and the least effective, but 
it affords some protection when the wood is well seasoned and 
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dry. A penetration of about in. may be secured. There is 
little advantage to be gained by the external application of 
preservative compounds to green timber; indeed, the sealing up of 
the surface of such timber, by enclosing the fermentative juices, 
may even lead to more rapid decay. The brush treatment cannot 
be applied to poles which are set in the winter months in cold 
climates, as the frost would so harden the surface of the poles that 
there would be no absorption of the preservative liquid. 

The reader who desires to go further into the important ques~ 
tion of wood-pole preservation, is referred to the excellent book 
by Howard F. Weiss, *^The Preservation of Structural Timber. 

It seems hardly necessary to point out that the saving effected 
by prolonging the life of the poles will usually justify the cost of * 
the special treatment. Given reliable data regarding costs and 
probable life of treated and untreated poles, the necessary calcu¬ 
lations are easily made. 

64. Weight of Wood Poles. —For the purpose of estimating 
the costs of transport and handling of poles, the weight may be 
calculated on the assumption that the pole is of circular section 
and of uniform taper, such that the diameter D at the bottom is 
equal to the diameter d at the top plus a quantity tHy of which 
H is the distance between the two sections considered, and t is 
a constant depending on the taper and, therefore, on the kind of 
wood. Some approximate (average) values of t together with 
average weight per cubic foot of various kinds of dry timber will 
be found in the table on the following page, from which the value 
of t for cedar is seen to be 0.016 (the height H being understood 
to be expressed in inches)^ and the weight per cubic foot, 35 lb* 

The volume of a frustum of right circular cone is 

Volume = if X + d*) 

lo 4 

but D = d + tH 

and the formula becomes 

Volume = ^(3d* + + 3diH) cubic inches 

^ McGraw-Hill Book Company, Inc. See also Rhodes, F. L. and Hos^ 
FORD, R. F., Preservative Treatment of Telephone Poles, Trains, A.I.- 
E.E., voL 34, part 2, p. 2549, October, 1915* Valuable information on 
preaervative treatments is given in the U. S. Forest Service Circ. 84, 98, 147, 
etc*, Pept. Agr. 
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Constants for Wood Poles 


Kind of wood 

Weight per 
cubic foot, 
pounds 

approximately 

Natural 
taper t, 
average 

Modulus of 
rupture | 

Modulus of 
elasticity 

Southern white cedar 





(juniper). 

25 

0.014 

3,700 


Northern white cedar.. 

23 

0.014 

4,000 


American Eastern 





white cedar. 

35 

0.016 

1 4,000 

700,000 

8pnicc. 

27 


i 4,500 

1,300,000 

W^hitc^ pine. 

26 


4,500 

1,000,000 

Red pine. 

34 


5,000 

Douglas fir*'* . 

34 


6,500 

1,400,000 

Norway pine. 



7,000 

1,400,000 

Idaho ce^dar. 

23 

0.01 

6,000 


Chestnut. 

42 1 

! 0.013 

6,000 

900,000 


^ Being stress in p^mnds per square inch at moment of rupture under 
bending conditions. 

2 Inch units. Average figures, which must be considered approximate 
only. 

3 This name is intended to cover yellow fir, rf^l fir, Western fir, Washing¬ 
ton fir, Oregon fir, northwest and west-coast fir. 

By using this formula and putting for H the value 05 X 12 = 
780 in., and for d the value 7 in., the weight of a pole of American 
Eastern white cedar measuring 7 in. in diameter at top and 65 ft. 
overall length works out at 2,330 lb. 

66. Strength and Elasticity of Wood Poles.—Apart from 
the dead ^weight to be supported by the poles of a transmission 
line—which will include not only the fixtures and the conductors 
themselves, but also the added weight of sleet or ice in climates 
where ice formation is possible—the stresses to be withstood 
include the resultant pull of the wires in adjoining spans, and the 
wind pressure on poles and wires. It is customary to disregard 
the dead weiglit or column loading, except when the spans are 
large and the conductors numerous and heavy. A formula for 
approximate calculation of loads carried by poles when acting as 
struts or columns will be given later. The pull due to the con¬ 
ductors on corner poles is usually met by guying these poles, by 
which means the pull tending to bend the pole is largely converted 
into an increased vertical downward pressure; but even on straight 
runs there may be stresses due to unequal lengths of span which 
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will cause a difference in the tensions on each side of the pole. 
The most important stresses to which the poles are subjected, 
apart from such accidents as are due to falling trees or the sever¬ 
ing of all wires in one span, are those caused by strong winds 
blowing across the line. The resulting pressure at pole top due 
to strong winds acting on long spans of ice-coated wires may be 
very great, and the poles must be strong enough to resist this.^ 
For the purpose of making strength and deflection calculations, 
the pole may be considered as a truncated cone of circular sec¬ 
tion, firmly fixed in the ground at the thick end, with a load 
near the small end in the form of a single concentrated resultant 
horizontal pull. The calculation is, therefore, exactly the same as 
for a beam fixed at one end and loaded at the other. Such a 
beam, if it exceeds a certain length depending upon the amount of 
taper, will not break at the point where the bending moment is 
greatest (/.e., at the ground level), because, in a beam of circular 
section and uniform taper, the stresses in the material are not 
necessarily greatest at this point, as will be shown later. The 
ordinary telegraph or electric lighting pole usually breaks at 
a point about 5 ft. above ground unless the butt has been weak¬ 
ened by decay. Some engineers insist that the weak section of 
the pole should be taken at the ground line. There is no objec¬ 
tion to this somewhat unscientific assumption, provided a rea¬ 
sonable allowance is made for the reduction of diameter at the 
ground level owing to decay. 

Calculations on strengths and deflections of wood poles 
cannot be made with the same accuracy as in the case of steel 
structures; and the constants in the table of Art. 54 are aver¬ 
ages only for approximate calculations. The factor of safety 
Igenerally used on the American continent is 4, both for poles 
and erps^rms-• maximum ^mnd pressure is taken a^ 30 lb. 
per square foot of flat surface, and 18 lb. per square foot of projected 
surface of smooth cylinders of not very large diameter. 

Calculation of Pole Strengths, —The relation between the 
externally applied load and the stresses in the fibers of the wood is; 

Bending moment = stress in fibers most remote from neutral 
axis X section factorj ox Mb ^ S X Z, where the section modulus 
Z is the ratio 

_ moment of inertia of section _ 

distance of center of gravity from edge of section 
1 See Art. 45 in Chap. V. 
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If P is the force in pounds applied at a point distant x in. from 
the cross-segtion A (see Fig. 42), then 

Mb — Px Ib.-in. 


And if the stress S is expressed in pounds per square inch, and 
the section is assumed circular, 


Px 


S 


X 


32 


But it is assumed that the diameter at any point x in. below the 
section of diameter die d + tXy therefore, 


S = 


32P^ 


X 

(d + tx)^ 


(63) 


In order to find the position of the 
cross-section at which the pole is most 
likely to break— that is to say, where 
the fiber stress is a maximum—it is 
necessary to differentiate the last 
equation with respect to Xj and find 
the value of x which makes this dif¬ 
ferential equal to zero. This gives 

d 

^ ~ 2t 

for the point where the stress is a 
maximum. The position of this cross- 
section is evidently not always at 
ground level. If this value of x is 
greater than then the maximum 
fiber stress will be at ground level, and 
it is calculated by substituting H for 
x in fo'TOula (63). 

The diameter of the pole at the 
weakest point is 



Fig. 42.—Wood pole with hori¬ 
zontal load near top. 


dw = d + tx 


= IM 


and it is only when the diameter at ground level is greater than 
one and a half times the diameter where the pull is applied that 
the pole may be expected to break above ground level 
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If the stress S, the taper t, and the pole-top diameter d are 
known, the load P is readily calculated as follows: 

Bending moment = P X x 

Td\ 


Resisting moment = S X 


32 


d 


But ^ ~ 2 i 
therefore 


whence 


Pd _ ^ {IMy 

2t ^ ^ 32 

P = 3.375 X d’ 

^ ‘ 32 X d“ 


(64) 


= 0.662 X S X t X d^ 

Similarly, if the pull P is known, the pole-top diameter should be 

d = /__ 

Vo.6 


.662 X S X t 


(05) 


Example 18. Strength of TFood Pofc.s.—Consider a pole of 
Eastern white cedar designed to sustain a pull of 500 lb. applied 
27 ft. above ground level. The average breaking stress (from 
table of constants) is 4,000 lb. per square inch, and assuming a 
factor of safety of 6, the safe working stress is >S = 6601b. per 
square inch. 

The other numerical values are 
P = 500 lb. 

II = 27 ft. 
f(from table) = 0.016 
By formula (65) 

d = j __ 

\ 0.662 X 660 X 0.016 
= 8.46 in. 

and d„ = 1.5 X 8.46 = 12.7 in. 


The distance below point of application of load of the section 
where fiber stress is a maximum is 

X = ^ = 264 in. = 22 ft. 

Therefore, this pole, if subject to a load about six times greater 
than the maximum working load, may be expected to break 
27 — 22 = 5 ft. above ground level, unless the cross-section at 
ground level has been '"■wakened by decay. 
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Double-pole supports of the type illustrated in Fig. 41 will be 
twice as strong as each of the component poles in resisting stresses 
applied in the direction of the line; but they will be able to with¬ 
stand about five times as great a load as the single pole when the 
stresses are in a direction at right angles to the direction of 
the line. When loaded in this manner up to the breaking point, 
these double poles of the A type usually fail through the buckling 
of the member in compression due to initial want of straight¬ 
ness. The strength of both the A and the II type of pole struc¬ 


ture can to some extent be increased by 
the addition of suitable bracing. 

66. Deflection of Wood Poles.—It is 
now generally recognized that there are 
advantages in having transmission line 
supports with flexible or elastic properties. 
The ordinary single wood pole is very 
elastic, and will return very nearly to its 
original form after having been deflected 
considerably by abnormal stresses. The 
figures given for the elastic modulus in 
the table previously referred to are sub¬ 
ject to correction for different qualities 
and samples of the same timber. It is well 
to make a few experiments on the actual 
poles to be used if accuracy in calculated 
result is desired. The double-pole struc¬ 
tures of the A or H type will have about 
half the deflection of the single poles in 
the direction of the line, and, of course, 
very much less in a direction at right 





Fig. 43.—Deflection of 
wood pole. 


angles to the line. An A pole of usual construction with the 


two poles subtending an angle of 6H deg. will deflect only about 
one-fiftieth of the amount of the single-pole deflection under the 


same transverse loading. The movement is usually dependent 
upon the amount of slip between the two poles at top, which 
again depends upon the angle subtended by the poles. 

Calculation of Pole Deflections .—Assume that the pole is fixec. 
firmly in the ground, and that there is no yielding of foundations. 
The load P being applied in a horisontal direction at the top end, 
as indicated in Fig. 43, the pole may be considered as a simple 
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cantilever, the deflection of which, if the section were uniform 
throughout the entire length, would be 


where 5 and H are in inches; I is the moment of inertia of the 
section, and E is Yoimi^’s modulus (]K)mids per square inch). 

For a circular section / = . where d is the diameter of the 

()4 

(cylindrical) pole in inches. The formula then becomes 

PIP 

5 = (60) 

If P is evenly distributed, as would be the case with a uniform 
wind pressure on the pole surface, regardless of other loads, the 
deflection would be 

8A7 

but it is best to consider the wind pressure on pole surface as a 
single equivalent load concentrated at pole top and added to the 
load due to wind pressure on the wires. When estimating the 
probable value of this equivalent load, it should be remembered 
that the wind pressure is not evenly distributed along the 
length of the pole, since the wind velocity at ground level is 
comparatively small and increases with the height above ground 
surface. 

The formula (66) assumes a constant diameter throughout 
length of pole, and the question, therefore, arises as to where the 
measurement of diameter should be made on an actual pole. 
It can be shown that, on the assumption of a uniform taper, the 
quantity in formula (66) should be replaced by {dg^ X di) 
where d^ is the diameter at ground level and di is the diameter 
where the force P is applied. 

Example, Pole-top Deflection under Load ,—Using the same 
figures as in the example illustrating strength calculations, 

P« 500 lb. H = 27 X 12 = 324 in. 

di =* 8,46 in. i — 0.016 

d. « 8.46 + (0.016 X 324) = 13.64 in. 

E « 700,000 
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Then 


6.78 XP X 
EW X di) 

6.78 X 500 X (324)3_ 

700,000 X (13’64)3 X 's'.46 
= 7.7 in (approx.) 

When possible it is well to make tests on a few actual poles; then 
for similar poles of the same material subject to the same loading 


H 

"^d/Xd 


67. Pole Foundations .—A permanent deflection of the pole, 
when the stresses are abrif^rmul. may occur owing to the yielding 
of the earth foundation; but this is unusual if the poles are 
[)roperly set in good ground. If the holes are dug to the depths 
as given by the following formulas, this will be in accordance 
with usual practice . 


Dei'Tii or Holes for Wood Poles (Feet) 

III good ground on straight runs. . . 3 + Hs (total longth of poh*, in fe‘(*t) 

At cornors in good ground, or on 

straight runs in soft ground.. . . 4 I 4 Hh (toUd leuigth of jiolo, in feet) 
At corners in soft ground. 5 + /'is (total length of pole, in feet) 


These depths are such as would be adopted on a well-designed 
pole line and need not be exceeded except in special cases. In 
marshy or otherwise unsatisfactory ground, special means must 
be adopted to provide a reasonably good setting for the pole butts. 

Loam and gravel, and even sand, or a mixture of these, pro¬ 
vide a firm foundation for poles. A pole that is properly set 
should break before the foundations will yield to any appreciable 
extent. Even if there should be a movement of the pole butt in 
the ground with excessive horizontal load at pole top, this will 
result in a firmer packing of the earth, which will then be better 
fitted to resist any further movement. 

Firm sand, gravel, or loam will withstand a pressure of about 
4 tons per square foot; but only half this resistance should be 
reckoned on in the case of damp sand, moist loam, or loose gravel. 

Proper supervision is necessary to insure that the earth shall 
be packed firmly around the pole when refilling the holes. 

68. Spacing of Poles at Comers. Guy Wires.— In order to 
reduce the stresses, not only on the pole itself, but also on the 
insulator pins and cross-arms, it is usual to shorten up the spans 
on each side of the corner pole. The reduction in length of span 
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will depend upon the amount by which the direction of the wires 
departs from the straight run. A rough-and-ready rule is to 
reduce the span length per cent for each degree of deviation 
from the straight line. For angles less than 5 deg., it is not 
necessary to alter the span. 

It is not advisable to turn more than 25 deg. on one pole, and 
whenever the side strain is likely to be excessive, double cross- 
arms and insulators should be used. By giving proper attention 
to the matter of guying and to the mechanical construction 
generally, it is not difficult to meet all requirements at points 
where a change of direction occurs. 

A safe plan is to assume that a corner pole must carry the full 
load without breaking if the guy wire or wires should fail to take 
their proper share of the load; but all corner poles should be 
propped or guyed for extra safety, and to avoid the unsightly 
appearance of poles bent under heavy side stresses or set at an 
angle with the vertical. 

Sometimes when sharp corners have to be turned, the spans on 
each side are dead ended on poles with double fixtures. Such poles 
are head guyed, and the span adjoining the guyed pole is usually 
shortened, being not more than three-fifths of the average spacing. 

The non-synchronous swaying of wires in a high wind, al¬ 
though uncommon, sometimes occurs on wood-pole lines, being 
aggravated by the difference in the natural period of oscillation 
of poles and wires. This trouble can generally be cured by guy¬ 
ing one or more of the poles at the place where the wires have 
been found to swing non-synchronously. 

Guy wires should be of galvanized stranded steel cable, the 
breaking strength of wliich should preferably not exceed about 
34 tons per square inch. The reason for this limitation of 
strength is that the high-strength steel is usually too hard to 
allow of proper handling and finishing off. 

Load to Be Carried by Corner Poles ,—^Let P = total tension in 
pounds, including ice loading (if any), of all the wires on each 
side of the corner pole, and let B == angle of deviation as indicated 
in Fig. 44; then, if there is no wind blowing across the line, the 
resultant pull at the pole top in the direction OPn is 

Pn = 2P sin (I) (67) 

If there is wind blowing aeross the line in a direction such as to 
increase the load at the pole top, the wires will no longer hang 
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vertically but will be deflected by the force of the wind as indi¬ 
cated by the dotted curves in Fig. 44. The total pull exerted by 
the wires at the pole top will now be the resultant of 


Wind Pressnre P lb, per foot length 



the two forces OP', and if /; = the wind pressure per foot of wire 
(with or without ice coating as the case may be), 

= 2P sin (I) + \p{AB) (67a) 



Fig. 45.—Diagram illustrating tension in guy wire. 

The stress in the guy wire is easily calculated when the angle a 
(Fig. 45) which the wire makes with the vertical is known. If 
pR is the side pull as calculated by formula (67) or (67a), then 

m * • • ^ 

Tension in guy wire = — 

® sin <x 

OC /ao\ 
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69. Props or Struts. Wood Poles in Compression.—Some¬ 
times it is difficult or impossible to provide guy wires in certain 
locations; or impurities in the atmosphere may render the 
use of props or push braces preferable to guy wires. In such cases 
it is necessary to know approximately what load a wooden pole 
will support in compression, that is to say, when used or consid¬ 
ered as a column. Instead of using the values of unit stress S 
as given in the table on page 147, the ultimate stress which a wood 
column will stand in compression should be calculated by the 
empirical formula: 

Stress in compression (pounds per square inch) = aS ^ 1 — (b9) 

where I is the length in inches, and d is the diameter or least 
thickness at the center of the strut. 

Example.---( alcuhdte the safe load for a prop of Douglas fir 
8 in. in diameter and 10 ft. long, assuming a safety factor of 6. 

By formula (69) the breaking stress will be 

0,500 ( 1 T.;. vv“c>) 4,870 lb. per square inch 

\ ()0 X o/ 

and the maximum safe load will be 

X ^ X 64 = 41,000 lb. 

60. Reinforced-concrete Poles.-V^As substitutes for wood 
poles supporting overhead wires, concrete poles and latticccLwteel 
masts are used. The full advantage of the galvanized or painted 
steel structure is best realized in the high towers with long spans, 
such as are used for the transmission of electric energy at high 
pressures.^ The use of portland cement for molded poles of 
moderate height is by no means new; the experimental stage has 
long ago been passed, and with the deplorable but no less rapid 
depletion of our forests and the incomparably longer life of the 
concrete poles, these will probably be used in increasing numbers 
in the future. 

There is much to be said in favor of the wood pole when the 
right kind of timber, properly seasoned and treated, is used; 
but, apart from the general unsightliness of wood poles in urban 
districts, their life is uncertain and always comparatively short. 

Concrete poles must be reinforced with iron or steel which, 
being entirely embedded in the concrete, is protected from the 
destructive action of air and water. 
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liongitudinal rods or bars of iron can be placed exactly where 
required to strengthen those parts of the pole section that will bft 
in tension, and the concrete, filling up the spaces between the 
reinforcing rods, takes the place of all bracing and stiffening 
niemV)ers of the ordinary steel structure in an almost perfect 
manner. It is^ probably at this time generally a dmitted that iron 
embedded in cement will last almost indefinitely without suffering 
any deterioration;'/ When excavating for the foundations of the 
General Post Office in London, Pngland, some (dd itornan brick¬ 
work was discovered in whicL the lK)Op-iron bonds were still 
bright and in perfect condition life of a concrete pole is, 

in fact, almost unlimited, a *^Jonsidoration wliich should not be 
overlooked when estimating the relative costs of different kinds 
of supporting structures. It requires no painting and practically 
no attention, once it is erected.^/If any small cracks should at 
any time develop, they can readily be filled with cement. 

Concrete poles are usually molded in a horizontal position, 
the forms being removed after 3 or 4 days. After a period of 
seasoning lasting from 2 to 3 weeks, they are erected in the same 
manner as wood poles. The great weight of concrete poles is 
probably the most serious objection to their more general adop¬ 
tion in the place of wood poles, where the latter are not readily 
obtainable or where their ai)pcarance is unsightly. 

Attempts to mold poles on site in a vertical position and so 
avoid part of the great cost of transportation have not always 
met with success. When molding on site, the forms are set up 
immediately over the hole previously prepared for the pole base. 
They are set truly vertical and temporarily guyed, the reinforcing 
inside the form being held together and in position by whatever 
means of tying or bracing may be adopted. Sometimes iron wire 
is used, but more uniform results are obtained by using specially 
designed iron distance pieces with the required spacing between 
them. The concrete is raised to the top of the mold by any 
suitable and economic means (preferably direct from the concrete 
mixer by an arrangement equivalent to the ordinary grain eleva¬ 
tor) and is dropped in. By this means the hole in the ground is 
entirely filled with concrete. No tamping is required, a firm hold 
being obtained, since the ground immediately surrounding the 
concrete base has not been disturbed. 

The best quality of crushed stone and sand should be used, the 
usual proportions being: cement, 1 part; sand, 2 parts; crushed 
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stone, 3 or 4 parts, not too large to pass through a screen. 
The mixture used for the poles on the Pennsylvania Railroad is 
1.5:2:4. When gravel is used, the mixture may be 1 part of 
Portland cement to 5 parts of gravel, provided that the latter 
is graded, including sand, and that the largest pieces are of a 
size to pass through a ^^-in. screen. 

The chief trouble that occurs in connection with vertical 
molding of poles in position is due to the fact that the mixture 
must be very wet to insure that it will fill the mold completely, 
and the pressure near the base of a tall pole is, therefore, very 
great, resulting frequently in leakage of water which carries with 
it some of the cement. The top of the pole is thus weakened 
owing to lack of cement. 

Another objection to molding on site, whether in a vertical 
or horizontal position, is the fact that more material is generally 
used than would be necessary for a pole of the required strength 
if this were manufactured under expert supervision where per¬ 
manent modern machinery has been installed for obtaining the 
best results with the smallest permissible cross-section. 

Since a reinforced-concrete pole of solid section is uneconomical 
in material, a removable iron core is usually provided in connec¬ 
tion with the manufacture of the larger poles. This core is freed 
by pulling it a small distance a few hours after the concrete has 
been poured; it is entirely removed after 8 or 9 hours. The most 
satisfactory method of manufacturing concrete poles with hollow 
cores consists in forcing the concrete against the sides of the 
mold by rotating the entire form at a high speed while the concrete 
is setting. The reinforcing steel is rigidly secured in position 
inside the form which is placed with the axis horizontal. The 
proper amount of concrete is poured in, and the complete form 
is rotated until the concrete is set. A very dense shell of con¬ 
crete is thus obtained, leaving a hollow space through the 
center. 

61* Strength and Stiffness of Concrete Poles.—When design¬ 
ing a concrete pole to withstand a definite maximum horizontal 
load applied near the top, the pole is treated as a beam fixed at 
one end and loaded at the other. The calculations are very 
simple if certain assumptions are made, these being as follows: 

1. Every plane section remains a plane section after bending. 

2. The tension is taken by the reinforcing rods. 

3. The concrete adheres perfectly to the steel rods. 
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4. The modulus of elasticity of concrete is constant within the 
usual limits of stress. 

The ultimate crushing stress of the concrete may be taken at 
from 2,000 to 2,600 lb. per square inch. The reinforcing bars 
should be covered with concrete to a depth of not less than 1 in. 
The effect of keeping the reinforcing bars under tension while the 
concrete is poured in the mold and until it has fiardened suffi¬ 
ciently to support the strain itself has been tried and found to 
improve the performance of the poles, hut it is doubtful whether 
the extra apparatus and labor reijuired are justifiable on economic 
grounds. When subjected to excessive load, a concrete pole will 
generally yield by the crushing of the material in the base near 
ground level; but, unless it is pulled out of its foundations, it 
will not fall to the ground. 

The comparative rigidity of concrete poles cannot be said 
to be a point in their favor, as the flexibility and elasticity of 
wood poles and some forms of steel structures are features of 
undoubted advantage under certain conditions. On the other 
hand, the degree of deflection of concrete poles before breaking 
is remarkable. The elastic limit is variable, and no exact figure 
can be given for the elastic modulus of cement concrete; it may 
be as low as 1,000,000, but for a 1:2:4 mixture 2,000,000 may be 
taken as a good average figure for approximate calculations. 

Some tests made on 30-ft. concrete poles gave deflections of 
from 3 to 4 in. at a point near the top of pole, when subjected to a 
test load equal to about double the maximum working load.^ 
Another series of tests made in England on some 44-ft. poles of 
hollow section, 17 in, square at the base and 8 in. square at the 
top (inside dimensions 13 in. and 4 in., respectively), with loads 
applied 38}^ ft. above ground level, gave a deflection of 66 in. 
under a horizontal load of 10,500 lb., and the permanent set on 
removal of load was 21 in. The pole did not fail completely 
until the deflection was 78 in. 

Some recent tests made in Germany on hollow poles 61 ft. 
long, measuring 9 in. in diameter at top and over 19 in. in diam¬ 
eter at the base, withstood a deflection of 4}^ ft. at the top with¬ 
out permanent set or the appearance of cracks in the concrete. 

^ These poles were probably of large cross-section. Some tests made on 
poles measuring 10 in. square at the base and 32 ft. high gave a deflection 
of just over 2 ft. with a horizontal load of 2,000 lb. applied near the top. 



160 


ELECTRIC POWER TRANSMISSION 


The illustration Fig. 46 shows a concrete pole of hollow section 
suitable for carrying six transmission wires on two wooden cross- 
arms. The pole is 35 ft. long overall, about 6 ft. being buried 
in the ground. With a top measurement of 7 in. square and a 
taper to give an increase of 1 in. width for every 5 ft. of length, 
the size at the bottom will be 11 in. square. The drawing shows 
a section through the hollow pole taken at a point about 4 ft. 
above the ground level. Iron spacing pieces, as here shown, or 
their equivalent, must be placed at intervals to hold the longitu- 



Fio. 46.—Concrete pole of hollow section. 

dinal steel reinforcing bars in the proper position. The number 
of rods will vary with the distance below the point of application 
of the load. The bending moment to be resisted at every 
point being known and the taper of the pole decided upon, the 
amount of reinforcing required at any given section is easily 
calculated. The weight of a pole as illustrated would be about 
2,700 lb. without fixtures. The reinforcing rods and spacing 
rings would account for approximately one-seventh of the total 
weight. A factor of safety of four is generally employed in 
strength calculations of reinforced concrete poles. In some cases 
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the calculations have been based on a safety factor of 5; but 
there appears to be no justification for using so large a factor. 

Weight of Concrete Poles .—The weight of reinforced-concreto 
poles is necessarily considerable, and this adds appreciably to 
their final cost erected on site, especially when the distance of 
transportation from the place of manufacture is considerable. 
It will generally be found that, unless the poles ai-^ erected at no 
great distance from the factory, the cost will be prohibitive. On 
the other hand, the fact that the '‘life’' of concrete poles is prac¬ 
tically unlimited must not be overlooked when‘comparing their 
undoubtedly high fii*st cost w?h that of w ood pok's. A recent 
instance of concrete poles bcin^ apparently found more economical 
than the usual steel towers is the 80-iuile 132,000-volt trunk line 
between Trollhiittan and Vasteras, Sweden, where each supporting 
structure consists of two 61-ft. hollow reinforced-concrete poles, 
each pole weighing 4 tons. All these concrete poles (about 800) 
have been shipped from the factories in Germany to their respec¬ 
tive sites in Sweden. 

The weight of shorter poles, such as are used to replace wood 
poles on comparatively low-voltage lines, are approximately as 
stated below: 


Ovoriill length 

Top diaiiK'tei 

incht‘s } IiaH€‘ diametor, j 

Approximate* weiglit, 
pounds 

25 

! 6 

! 12 ! 

1,350 

30 


1 mi i 

1,750 

35 


i UH 1 

2,300 

40 


1 i 

3,000 


These weights are based on the hollow type of construction, 
and a wall thickness with suitable reinforcing rods so that each 
pole will be able to carry safely a horizontal pull of 1,200 to 1,300 
lb. applied about 2 ft. below the top. 

62.A^teel Poles and Small -base Steel Masts. —As a substitute 
for wood poles, light steel structures that can be shipped and erected 
in one piece appear to be gaining favor. Small ajnounts of energy 
at comparatively low voltages can be transmitted over distances 
of 20 to 30 miles by overhead wires supported on steel poles at a 
cost which need be no higher, and is sometimes even lower, than 
if the les/ dural,le and less sturdy wood-pole construction is 
adopted.N One type of steel pole for small lines is the Bates One- 
piece Expanded Steel Pole of which Fig. 47 is an example. These 
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Fia. 47.—Bates one-piece 
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TRANSMISSION LINE SUPPORTS (Continued) 

63, Flexible-type A-frame Supports. —^Vlthough calculations 
of stresses in transmission lines are usually based on the assump¬ 
tion that the ends of each span are firmly secured to rigid supports 
this condition is rarely fulfilled in practice. There is some give ’’ 
about the poles or towers, especially when the line is not abso¬ 
lutely straight, and the insulator pins will bend slightly and relieve 
the stress when this tends to reach the point at which the elastic 
elongation of the wires will be exceeded. Then, again, the wires 
will usually slip in the ti(^s at the insulators, even if these ties are 
not specially designed to yield or break before damage is done to 
the insulators or supporting structures. The use of tire suspen¬ 
sion type of insulator, which is now customary for the higher 
voltages, adds considerably to the flexibility of the line. 

In regard to the towers themselves, all steel structures for 
dead-ending lines or sections of lines are necessarily rigid, and 
the usual light windmill type of tower with wide base is also 
without any appreciable flexibility. The latticed steel masts 
are slightly more flexible, and the elastic properties of the ordi¬ 
nary wood pole are well known. The deflection of a wood pole 
may be considerable, and yet the pole will resume its normal 
shape when the extra stress is removed. Inhere is much to be 
said in favor of so-called flexible steel structures; that is to say, 
of steel supports designed to have flexibility in the direction of 
the line, without great strength to resist stresses in this direction; 
but with the requisite strength in a direction normal to the line, 
to resist the side stresses due to wind pressures on the wires and 
the supports themselves. 

Such a design of support has the important advantage of being 
cheaper than the rigid tower construction, in addition to which it 
gives flexibility where this is advantageous, with the necessary 
strength and stiffness where required. The economy is not only 
in the cost of the tower itself but in the greater ease of transport 
over rough country, the preparation of the ground, and erection. 
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Probably the most severe stresses which a transmission line 
should be capable of withstanding are those due to the breakages 
of wires. Such breakages may be caused by abnormal wind 
pressures, by trees falling across the line, or by a burnout due to 
any cause. Suddenly applied stressc^s such as are caused by the 
breaking of some or all of the wires in one span are best met by 
being absorbed gradually into a flexible systenn. The supports 
on each side of the wrecked span will bend toward the adjoining 
spans because the combined pull of all the wires in the adjoining 
spans is greater than tb\.* pull of the remaining wires, if any, in 
the wrecked span. Idiis movenu^iit of thc^ pole top results in a 
reduction of tension in the wires of the adjoining span owing to 
the increased sag of theso wires: there will be an appreciable 
deflection of the Becond and third poles beyond the break, but 
the amount of these succe^ssive deflections will decrease at a very 
rapid rate and will rarel^^ be noticeabk^ beyond the fourth or 
fifth pole. It is obvious that, as the remaining wires in the faulty 
span tighten up, the stress increases; but the combined pull of 
these wires on the pole top is smaller than it was before the acci¬ 
dent, since it is assisted by the pull of the deflected poles, and 
these joint forces arc balanced by the combined pull of all the 
wires in the adjoining sound span, which pull, as previously 
mentioned, is smaller than it was under normal conditions. 

The greater the flexibility of the supports in the direction of the 
line, the smaller will be the extra load which any one support 
will be called upon to withstand; on the other hand, it is usual to 
provide anchoring towers of rigid design about every mile on 
straight runs, and also at angles, in addition to which every 
fifth or sixth flexible tower may be head guyed in both directions. 

It is not unusual to carry a galvanized Siemens-Martin steel 
strand cable above the high-tension conductors on the tops of 
the steel structures. This has the double advantage of securely, 
but not rigidly, tying together the supports, and of providing 
considerable protection against the effects of lightning. The 
disadvantages are increased cost and possible—but not probable 
—danger of the grounded wire falling on to the conductors and 
causing interruption of supply. 

The dead-end towers should be capable of withstanding the 
combined pull of all the wires on one side only, when these are 
loaded to the expected maximum limit, without the foundations 
yielding or the structure being stressed beyond the elastic limit. 
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The flexible supports must withstand, jvith a reasonable factor of 
safety, the dead weight of conductors, etc., and the expected 
maximum side pressures; but in the direction of the line their 
strength must necessarily be small; otherwise the condition of 
flexibility cannot be satisfied. 

It is easy to design braced A-frame or H-frame steel structures 
of sufficient strength to withstand the dead load and lateral 
pressure and yet have great flexibility, with correspondingly 
reduced strength, in the direction of the line. Great care must 
be used in designing a line of this type so that strength and dura¬ 
bility shall not be sacrificed to lightness and flexibility without 
very carefully considering the problem in all its aspects. The 
possible twisting of these flexible structures while subjected to a 
strong wind blowing across the line must not be overlooked. 
Suppose, for instance, there is inequality of tension in the wires 
on the two sides of a structure, or, for any reason, unbalanced 
pulls on the cross-arms; then the section passing through the two 
upright members of the A frame is no longer a plane at right 
angles to the direction of the line, and the strength of the struc¬ 
ture to resist transverse loading is appreciably reduced. More¬ 
over, the load such a distorted structure is able to carry safely 
cannot easily be calculated. This is one objection to the so- 
called flexible type of steel supporting structure. As an approxi¬ 
mate indication of present-day practice in arriving at the load in 
the direction of the line for which flexible supports should be 
designed, it may be stated that a load of from one-twentieth to 
one-tenth of the total load for which the rigid-strain towers are 
designed should not stress the intermediate flexible structures 
beyond the elastic limit. It is well to bear in mind that at the 
moment of rupture of-one or more wires on a “flexible’^ transmis¬ 
sion line the resulting stresses in the structures and remaining 
wires will be in the nature of waves or surges until the new 
condition of equilibrium is attained, and the maximum stresses 
immediately following a rupture will generally exceed the final 
value. 

The mathematics required for the exact determination of 
stresses and deflections in a transnodssion line consisting of a 
series of flexible poles is of a very high order, even wheh many 
assumptions are made which practical conditions may not justify; 
but the limiting steady values of these stresses mid deflections 
can be calculated In the manner which was first described by the 
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writer in the Electrical World of July 13, 1912, ‘ and reprinted in 
the first and second editions of this book. With the growing use 
of the suspension type of insulator, even when the transmission 
voltage is not exceptionally high, the relatively small elastic 
yielding of the steel supports under unbalanced longitudinal 



Fio. 49.—Flexible steel tower transmission line. 


stress is of small importance, and it is, therefore, not proposed to 
study in detail the deflections and stresses in the “flexible” 
steel tower line due to the severing of one or more wires in a 
particular span. The illustration (Fig. 49) kindly supplied by 
Archbold Brady and Company shows a common form of “ flexi¬ 
ble” high-voltage transmission line following a railway. 

»Vol. 80, p. 97. 
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Rigid Wide-base Steel Towers.—With the coming of high 
voltages and increased distances between wires and between the 
conductors and the ground, taller supports become necessary. 
With a view to saving cost on supports and insulators, spans have 
been increased, thus necessitating still taller towers. The result 
of these tendencies is the modern wide-base steel tower of sub¬ 
stantial design and often of considerable height. 

The parts of large steel towers for important transmission lines 
ai-e usually galvanized, while for temporary constructions the 
parts are made of lighter section material and almost invariably 
painted. It does not follow that paint instead of zinc is not 
desirable as a protective coating on the iron work of important 
lines. The problem is mainly an economic one, but a steel struc¬ 
ture may unquestionably be made to last almost any length of 
time if it is thoroughly painted every 3 or 4 years, especially if 
particular attention is paid to the footings where they emerge 
from the concrete foundation. These, if not galvanized, should 
be painted every year. On important high-voltage lines where 
it would be dangerous for men to work near the live wires, the 
steel parts of the structure near the wires should be galvanized 
even if the remainder of the tower is paintedi.1, 

Height of Towers. Length of Span .—In Art. 24, Chap. Ill, 
the effects of span length and transmission voltage on the height 
and weight of the supporting structures was briefly discussed, and 
what follows has special reference to the square-base steel towers 
a^sed for transmitting large amounts of energy at high voltages. 
Qf^e best or most economical spacing between supporting struc¬ 
ture is less easily determined than might at first be supposed. 
A long span means few towers and fewer insulators per mil^ of 
line, but it also m^naa greater sag in the wires and higher and 
stronger towers. There will be a particular length of sp'an under 
given conditions, involving the number, size, and material'of the 
conductors, beyond which any further increase would lead to the 
cost of the finished line being greater than with the shorter span. 
This is what, in the past, has determined the proper spacing of 
supports in those rather exceptional cases where the engineer has 
not been content merely to follow precedent, but has had the 
courage to make his own calculations, and the faith to believe in 
tjieir correctnes^ 

The economical length of span on steel tower lines-for pressures 
up to 110,000 volts usually lies between 600 and 900 ft,?tor higher 
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pressures, up to 220,000 volts, longer spans are economical, the 
usual average length being from 900 to 1,300 ftVThe average 
distance between towers on the 110,000-volt lines of both the 
Pacific Gas and Electric Company and the Mississippi River 
Power Company is 800 ft.; but the present-day tendency is all 
in the direction of larger spans, even on the lower-voltage lines. 
Calculations made by the engineers of the Southern California 
Edison Company indicate that about 1,250 ft. is an economical 
span for its 220,000-volt lines Spans oT 1,^50 ft. arc used on the 
132,(K)0-volt main lines supplying energy ftom the coal fields to 
Melbourne, Australia. 

Ultimate economy and continuity of service are the impor¬ 
tant factoi*s in determining changes and improvements in trans¬ 
mission line construction. Even if the first cost of a line with 
very large spacing of towers may be somewhat higher than if 
shorter spans were adopted, there are still reasons in favor of the 
longer spacing. The cost of maintenanffCu-has by 

experience to be appremhly less with the long-s p an con stru ction, 
andriiiteri'uptmns ioT?eT^rce^re3fi3^ This may be attributed 
partly to^tKe"“Tact that the number of points of attachment to 
insulators is smaller with the long spans, and that variations of 
temperature do not produce such great changes of stress in the 
wres as when shorter spans are used. 

{^he height and cost of the supporting structures increase with 
the increase of voltage because of the greater spacing required 
between wires of different phases and between all the conductors 
and the (grounded) towers. It is also customary to allow a 
greater minimum clearance between the lowest wire and ground 
on high-voltage than on medium-voltage lines, and this again 
tends greatly to increase the height and cost of individual towers 
on the extra-high-tension lines. There are no controlling 
reasons for any particular clearance to ground in the open coun¬ 
try, but every state or district has special regulations regarding 
minimum clearances at road, railway, and river crossings. Apart 
from such particular points where shorter spans and special 
construction may be necessary, the usual clearances allowed 
between ground and the lowest point of the wire are 20 ft. for 
overhead lines up to 66,000 volts, increasing to 26 ft. for 132,000 
vdts, and 30 ft. for 220,000 volt lin^^ The question of clear¬ 
ances between conductors will be taken up in Chap. VIII in con¬ 
nection with the problems of insulation. 
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Two types of trapsmission towers as used on the 220,000-volt 
Pitt River line of the Mount Shasta Power Corporation (a subsid¬ 
iary of the Pacific Gas and Electric Company) are shown in 
Fig. 50.^ A more usual construction for double-circuit three- 



phase lines is shown in Fig. 51 where the middle cross-arm is seen 
to be longer than the other two. This illustration is reproduced 
from photograph kindly supplied by the Ohio Brass Company of 
Mansfield, Ohio. The towers were designed and constructed by 
the American Bridge Company of Pittsburgh for the American 
Gas and Electric Company's 130,000-volt transmission line 

^ Reproduced by peitnisskm, from* the article by F. G. Baum and S. 
BaPstosb, Mhc. WiyrU, Jan. 27* 1923. 
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between Wheeling, W. Va., and Canton, Ohio. The six con¬ 
ductors are each of 200,000 circular mils cross-section, and the 
two grounded guard wires are of the same size. The line is 55 
miles long with an average length of span of 580 ft. The reason 
for the greater separation between the two middle wires is that 



Fig. 51.—Typical steel tower transmission line. 


there is less risk of contact between wires owing to unequal 
vertical loading by ice deposits. A good example of lari^ steel 
towers is to be found in the 100,000-volt transmission line of the 
Great Western Power Company of California. Two three-phase 
circuits are carried on these towers, the vertical spacing between 
th^ cross-arms being 10 ft. There are three croE»-anns, each 
carryin g two conductors—one at each end. The horizont^ 
spacing' between wires is 17 ft. on the two upper cross-arms 
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and 18 ft. on the lower cross-arm, which is 51 ft. above ground 
level. No conductor is closer than 6 ft. 5 in. to the steel struc¬ 
tures, this being the minimum clearance in the horizontal direc¬ 
tion. The average distance between towers is 750 ft., and they 
are joined at the top by a grounded guard wire 5 ft. above the 
bottom of the highest cross-arm. The b ase of the tower meas¬ 
ures 17_f L. square,, th e parts undergTSuhd belngsenarate pieces 
of ste fih buried to a depth of 6 ft., to which the tower proper 
is bolted after being assembled and erected on site. 

The size of base in relation to the height of the tower may usually 
be determined by the designer, who will decide upon a dimension 
which leads to economy in material; but there are occasions when 
the configuration of the ground, or the cost of right of way may 
lead to the adoption of base dimensions smaller than might be 
desirable if the cost of the tower and its foundations were the 
only considerations. 

66. Loads to Be Resisted by Towers.-\^The maximum load 
which a tower must be designed to withstand will depend upon 
the number and size of wires to be carried and the estimated 
ice coating and wind velocity. Apart from the wind pressure on 
the structure itself, the loading in a direction transverse to the 
line will be equal to the resultant wind pressure on all the wires 
(which may or may not be ice coated, depending on the climate); 
the effective length of each wire being the distance between 
supports. 

In the dir er^^*^^ li ne, the forces ar e nor mally very nearly 

balanced, bnt <^vpnt n£ nnft or more wires breaking , the 

u nbalanced load may b e c onsiderab le, a nd it is well to desim . 
the towers, if possible, to wit hstand the stresses imposed up on 
themi r^o-thirds o f all the cond uctQi:aJa_one spa n a^seyered. 
It must not be overlooked that if tl^ wires breakJn one ^an only, 
th^ cross-^m^ if pm-type insulators are used, will be subjected to 
a twisting m nypAniu and i f the break in the wires is at one end 
on ly of the cross-arm, the who le tower is subjected to torsion al 
strain. With conductors of large cross-section as used on 
some of the modern main lines, very heavy and costly towers 
would be necessary if failure of the tower is not to result from 
failure of the conductors in one span. For this reason some 
engineers prefer to use a type of conductor clamp with a gripping 
power adj usted to permit slippi ng of the wire when the pull 
a'^rtain predetermined limit. 


TRANSMISSION LINE SUPPORTS 


173 


The vertical or dead loads consist of the weight of the tower 
itself and the wires of one span, with possible increase in weight 
due to sleet or ice. The cross-arms must be of ample strength 
to take all vertical loads including weight of insulators, with a maj- 
gin to cover the extra weight of men working on the tower^ 
The approximate weight of insulators is given in the following 
table: 


Working proBsuro (lino voltago) 

Approximate weiglit of 
insulator, pounds 

Pin type: 

22,000 .. 

6 

44,000 . 

16 

66,000 . 

32 

Suspension typtr. 

66,000 . 

44 * 

88,000 . 

60 

110,000 . 

80 

150,000 . 

no 

220,000 . 

140 



Particulars regarding wind pressures were discussed in Art. 45 
of Chap. V. The wind velocity rarely exceeds 80 miles per hour 
either on the American continent or in Europe. Tornadoes and 
cyclones are not considered, because attempts to construct over¬ 
head lines strong enough to withstand them would rarely be 
justified. In regions where sleet deposits are to be expected, it 
is generally sufficient to allow for the Class B loading on the wires 
(see p. 110). For the wind pressure on the towers it is customary 
to neglect any possible ice deposit and allow for a wind pressure of 
13 lb. per square inch on 1.5 times the exposed area of one face of 
the tower. 

In regions where strong winds may hS expected, but where 
sleet deposits do not occur, a maximum wind velocity of 76 
miles per hour seems a reasonable assumption. This corresponds 
to a pressure of 21 lb. per square foot of flat surfaces on towers, 
and 14 lb. per square foot of projected surface of wires and cylin¬ 
drical poles. The total transverse load is dependent upon 
the length of span, which must be determined with due regard 
to economic considerations. 

Factor of Safety .—Since there is a possibility of misunderstand¬ 
ing regarding the exact meaning of this term, it should be 
observed that what the purchaser of a transmission line tower 
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wants to know is the increase over the assumed maximum loading 
(or specified loading) at which the tower may be expected to fail. 
It is the business of the designer to choose unit stresses in the 
various members of the structure which will comply with the 
requirements in the matter of safety factors. From the pur¬ 
chaser’s point of view, it is incorrect to define safety factor as the 
ratio of ultimate unit tensile stress in the material to unit stress 
used in the design calculations, because failure of the whole 
structure will usually occur when the elastic limit in any one 
compression member is exceeded. This will usually result in 
bending or buckling and the complete collapse of the whole 
structure. Thus, when the unit stress is about 60 per cent of 
the ultimate stress, the structure is likely to fail, so that the 
actual safety factor of a tower designed with ultimate unit stress 
2.5 times the working unit stress would not be 2.5 but 2.5 X 0.6 
= 1.5 approximately.^ 

Although the location, height, and probable loading of each 
individual tower in a transmission line might seem to call for 
many special designs leading to economy of material, it is usually 
found that three types of structure are sufficient to meet the 
requirements of the average transmission line, except for river 
crossings or exceptionally long spans which occasionally require 
extra-strong or extra-tall supporting structures. The so-called 
rigid type of steel tower is, therefore, generally supplied to with¬ 
stand the maximum loading under the following conditions : 

1. Standard towers on straight runs, with average spacing 
[between towers. 

2. Semi-strain towers for use with normal spans on angles up to 
15 deg. or on straight runs with spans longer than the average. 

3. Strain or dead-ending towers for angles between 15 and 45 
deg. and for the terminals of line sections. These towers are 
capable of withstanding the pull of all the wires on one side only. 

By providing each type of tower with extension bases to in¬ 
crease the height when necessary, it is generally possible to plan 
the transmission line so as to require very few, if any, additional 
structures of special design, 

^ On account of the ambiguity of the term ^‘factor of safety^’ when applied 
to structural steel designs, the American Bridge Company use the expression 
**possible overload to indicate the ammxnt of load, in excess of the specified 
design load, which a transmission tower may be expected to withstand 
before failure. 
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66. Desigti of Steel Towers. —No attempt will be made in 
these pages to go into the details of steel tower design. This is a 
matter which should be left to the manufacturer; but there are 
numerous books available for the reader who wishes to go further 
into this subject.At the same time, it may be well to point out 
that thin metal, even for bracing members of a steel tower, 
should be avoided. Structures made of few pieces of compara¬ 
tively heavy section steel will generally prove more durable than 
those built of a laTger number of lighter parts. The tendency' is 
toward the avoidance of light-weight members, although, on 
the other hatid, cross-bracing at fairly frequent intervals cannot 
be omitted without having the unsupported sections of main 
members in compression longer than would be desirable or safe. 
The present practice is to avoid using material less than H o in. 
thick, even for web members. For permanent structures that 
are to be painted, i,e., not galvanized, some engineers specify a 
minimum thickness of }i in. Main members should never be 
made of material less than ia. thick, and where large-angle 
sections, such as 4 by 4 in., are used for the corner legs, it would 
be advisable to have a minimum thickness of He When rods 
are used for tension members in place of fiat straps or angles, a 
minimum diameter of H ciistomary. 

The most economical design of tower to withstand the prob¬ 
able loads that it will be subject to, and to satisfy local conditions, 
including such considerations as transport and erection facilities, 
is a problem deserving close attention on the part of the engineer 
responsible for the design of the transmission line. A study of 
the probable loads to be resisted under the worst weather con¬ 
ditions will enable the designing engineer to specify certain test 
loads which will insure that the finished structure will be strong 
enough to fulfil the practical requirements. The proper value of 
these test loads and their distribution or point of application 
should be determined only after mature consideration. The 
cost of a tower—apart from the height, which is a function of 

^ Pain^ton, E. T., “Mechanical Design of Overhead Electrical Transmis¬ 
sion Lines,'' Chapman Hall, Ltd. 

Kapper, F., “Overhead Transmission Lines and Distributing Circuits,’' 
D. Van Nostrand Company. 

Wolfe, W. S., “Graphical Analysis,” McGraw-Hill Book Company, 

Inc. 

Hool, G. a. and Kinne, \V. S., “Stresses in Framed Structures,” 
McGraw-Hill Book Company, Inc. 
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the length of span—is determined largely by the specifications of 
test loads. A specification calling for tests that are unnecessarily 
severe is just as true an indication of incompetence on the part of 
the designing engineer as a specification giving test conditions that 
will result in a tower too weak for the actual requirements. 

The calculation of stresses in the various members of so simple 
a structure as a transmission line tower is not a difficult matter, 
especially if graphical or semi-graphical methods are adopted. If 
the designing engineer will make sketches of two or three alterna¬ 
tive designs likely to fulfil the required conditions, he should 
be able quickly to calculate the approximate value of the stresses 
in the principal members, and so obtain a rough idea of the rela¬ 
tive weights and costs of alternative designs. The danger of 
leaving the problem entirely in the hands of the manufacturer is 
that the latter is always tempted to put forward a design of which 
he has perhaps made a specialty, and which may have given 
entire satisfaction in practice without necessarily being the best 
type of structure for the purpose, or being entirely suitable for 
use under different conditions. 

Stresses in Compression Members of Tower Structures .—The 
failure of steel towers under excessive loads is almost invariably 
due to the buckling of the main leg angles in compression. 
The designer should, therefore, pay special attention to the 
proportioning of compression members in the structure. With¬ 
out going into a discussion of the many empirical formulas used 
for determining the loads that struts or columns can withstand, 
it may be said that, for tower designs, the ‘^straight-line” for¬ 
mula, as suggested by Burr, is quite satisfactory provided the 
ratio I r lies between 40 and 200; this last figure corresponds 
to a length of compression member not exceeding about twenty 
times the width of flange. This formula is 



where I is the length, in inches, of unsupported portion of com¬ 
pression member, 

r is the least radius of gyration, in inches, 

— / nionient of iner tia 
\ area of section 

Scomp. is the unit stress (pounds per square inch) in the 

column, 

A? is a constant determined experimentally, 
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K is the unit crushing stress which would be allowed if the 
column were very short. It has already been pointed out that 
a fabricated steel structure such as a transmission line tower may 
be expected to fail when the stress in one of the members exceeds 
the elastic limit of the material. Failure of members in com¬ 
pression must, therefore, be expected to occur before the unit 
stress K attains the ultimate crushing stress which a short column 
would be able to withstand. 

Many formulas are in use, the following being a selection from 
among the best known: 

“Straight-line'' formulas giving unit stress to produce per¬ 
manent deformation—and probable failure—of steel columns: 

Scomp. = 27,000 — 90^ for values of ^ above 150 (70) 

>Scomp. = 35,000 — 120^ for values of ^ below 150 (71) 

r r 

Soomp. = 44,000 - 163^. * (72) 

this last being the Tetmajor formula in connection with which 
it is stated that ^ shall not be greater than 105. 

Formulas for safe working stress in structural steel members in 
compression: 

^.omp. = 18,000 - 60^ (73) 

r 

which is used in England in connection with bridge construction: 

= 24,000 - 6oJ; (74) 

which is the formula suggested by the National Electric Light 
Association of America. 

In the year 1917 the American Bridge Company of Pittsburgh 
made a series of tests on angle sections in compression and they 
have developed “straight-line" working formulas based on the 
results of these tests. Assuming that the tower may be expected 
to fail when carrying an overload of 90 to 96 per cent, the unit 
stress in compression members (pounds per square inch) is, 

20,000 — 85“ for values of - up to 160 
r r 

15,500 — 55^ for values of - between 150 and 250. 

r T 


and 
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Assuming the steel to withstand 60,000 lb. per square inch in 

compression when the column is very short very nearly equal to 

zero), it follows that what is sometimes referred to as the ^'factor 
of safety,^^ being the ratio of ultimate to working unit stress, is 
3.33 for formula (73) and 2.5 for formula (74); but these figures 
are not a correct indication of what overload the tower will 
stand before collapse, because a tower designed on the basis of 
formula (73) may be expected to fail when the load is actually 
only 50 per cent in excess of the specified maximum loading upon 
which the calculations are based (compare formulas (73) and (70)). 

In using any of the above formulas, it is important to note that 
they do not apply to very long columns in which the slenderness 

ratio ^ is appreciably greater than 200. It is customary to choose 

for the various members of the tower structure a standard section 

of structural steel of such size as to limit this ratio - to 120 for 

r 

main members and 200 for lateral and secondary members such 
as cross-braces. 

The fact that, for a given cross-sectional area, the shape of the 
section is an important factor in determining the stiffness and 
ultimate strength of the members in compression, suggests that, 
where lightness and economy of material are of great importance, 
a section of structural steel having a large moment of inertia 
per square inch of cross-section should be chosen. The standard 
sections of rolled angles or tees are sometimes replaced by steel 
tubes. 

As an example of the relative economy of the tubular form and 
other forms of section, when used as comparatively long struts, a 
steel tube 7 in. in internal diameter, in. thick, weighing 10 lb. 
per foot, will be as efficient in resisting compression as a steel 
angle 7J^ by by H thick, weighing 25 lb. per foot, or as 
an I beam 8 by 6 by 3^^ in, thick, weighing 35 lb. per foot. So 
large a tube would not be required except in very high towers; 
a tube from 4 to 5 in. in diameter would generally be large enough 
for the main members of a transmission line tower up to 100 ft. 
high. 

Although supporting structures built of tubes would seem to 
lead to economy of material, there are certain practical objections 
to the use of tubes in the place of the more usual augle sections. 
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It is almost impossible to prevent water getting into the tubes 
and causing rusting of the interior surfaces. Trouble has been 
experienced through the freezing of water in the main members 
causing cracks in the tubes, and the difficulty of making satis¬ 
factory joints between the various members of the tower are 
much greater than in designs using the standard sections of 
structural steel. This difficulty has to a large extent been 
overcome by the more extended application of electric welding 
processes, and welded wireless towers 150 ft. high have been 
successfully constructed of steel pipe.^ 

67. Outline of Usual Procedure for Calculating Stresses in 
Tower Members.—The illustration, Fig. 52, which is reproduced 
by kind permission of the Shawinigan Water and Power Company, 
and the Canadian Bridge Company, Tarnited, shows a typical 
square-base galvanized-steel tower as used on the Three Rivers 
line of the Shawinigan Water and Power Company of Montreal. 
These towers are designed to carry six aluminum conductors of 
nineteen-strand 200,000 circular mils cable, each being supported 
by seven suspension disks of the Ohio Brass Company's standard 
type. In addition to the conductors, there are two ground wires 
of stranded Siemens-Martin steel cable attached to the 

points (1) at each end of the upper cross-arm. The line is built 
for 100,000 volts. 

The method of procedure in calculating stresses is to make a 
sketch showing the points of application, and the vertical and 
horizontal components, of the outer forces. Then indicate by 
arrows the assumed horizontal and vertical components of the 
reactions, using the suffixes R and L to indicate the direction 
or assumed direction of the horizontal components. Since 
the whole structure is in equilibrium under the influence of the 
various loads and reactions, it is merely necessary to see that the 
three following conditions are satisfied at any point considered: 

1. The sum of all vertical force components == zero. 

2. The sum of all horizontal force components == zero. 

3. The sum of all moments about any point = zero. 

When taking moments in any particular plane, all those in a 
clockwise direction would be considered positive and those in a 
counterclockwise direction negative. All joints are considered as 
frictionless pivots, which assumption is, of course, not strictly 
correct, especially in the case of riveted joints. It is usually 

1 Eng, News-Record^ p. 660, Apr. 20, 1922. 
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an easy matter to choose a section through the structure in 
such a position that the stresses in a given bar can readily be 
calculated by applying one or more of the three equations of 
equilibrium. 







Top View 


Groundwlre connection atS points*] 

Aluminum conductor connection ut € point8-2,3.A4 


2 * 


u SxSx>^ 

Section A'A 





Section C- C 


Towers are designed for the following Loadings 


I Breast pull of 12000^ horizontal, normal or par¬ 
allel to line, applied equally at four points 7 
and. 10. 

II 2600^pa'i^ellol to line at each of two points 2,3, 
and 4, on one side of tower. 

"li 8000 parallel to line at one point 1. 


IT llOO*^vertically at each of three points 1*2*3 and 4 
V 1100^ •» ’• »* " eight *» I 2*3 and 4 

I and y are simultaneous. 


Note; ^ 

All bolts H with sq, nut and std. ’^10 fl 
B. A S. washer. 

Holes punched for bolte. 

All members galvanized. 


Fig. 52.—Steel tower with members of angle section. 


The sketch, Fig. 53, will serve to illustrate the method usually 
followed in calculating the stresses in the main members of a 
tower structure such as the one shown in Fig. 52. The loading 
considered is that corresponding to the condition of test loads 
I and V applied simultaneoudy. 
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The point at which the horizontal breast pull of 12,000 lb. is 
applied corresponds approximately to the point 65 ft. above 
ground level where the corner legs would meet if produced beyond 
the points (13). The weight of the tower (which it is supposed 
has not yet been designed in detail) is taken af 4,000 lb., and this, 
together with the test load V, gives a resultant vertical loading of 
12,800 lb. applied somewhere on the center line of the tower. 

Consider a section such as XF 


which cuts only three members, 
namely, the leg A at ground level, 
the leg B just above the joint O', 
and the diagonal brace C, 

Select a point 0 where the mem¬ 
bers A and C meet, and consider 
the moments, in the plane of the 
paper, which are produced about 
this point by the external forces 
and the reactions in the members 
severed by the imaginary section 
X F. It is obvious that the stresses 
in A and in C have no effect on the 
tendency of the part of the structure 
above the section line to rotate on 
the point 0, and the whole of the 
externally applied turning moment 
must be resisted by the stress in 
the member B. Therefore, 



Fig. .53.—Sketch for calculation of 
stresses in lower members. 


(12,800 X 5.75) + (12,000 X 47.5) - {x X 11.5) = 0 

from which it is found that x = 56,000 lb. 

Since there are two members B taking the whole crushing 
stress, the total load tending to crush the one member B is 28,000 
lb. The length of the unsupported portion of this member is 
5.5 ft. or 66 in. The cross-section of 4- by 4- by yi-m, angle is 
1.93 sq. in, and the least radius of gyration, r = 0.79. The test 
load should not strain the tower beyond the elastic Umit. Using 
the formula (71), the ultimate stress is 

-Scomp. =« 35,000 - 120 


= 25,000 




182 


ELECTRIC POWER TRANSMISSION 


This corner member is, therefore, capable of supporting, just 
before collapse, a compressive load of 1.93 X 25,000 = 48,300 lb. 
It should be of ample strength to resist the test load of 28,000 lb. 
without permanent deformation. 

Turning now to the uplifting force acting in the member A and 
tending to pull up the foundation, the center from which the 
moments are calculated is shifted to the point O' where the mem¬ 
bers C and B meet. The equation of moments is now 

(12,000 X 65) ~ (12,800 X 8) ~ (x X 16) = 0 
whence x = 42,300 

and the tension in one corner angle A is 21,150 lb. 

The above example briefly describes what is known as the 
method of moments. It has been assumed that the tower side 
under consideration lies in the same plane as the external forces; 
but the error introduced is practically negligible. It is an easy 
matter, if desired, to make the necessary correction. 

When calculating the stresses in a diagonal member such as C of 
Fig. 53, the moments w^ould be taken about the point 0", which 
is the junction of the members A and B; but in that case 
the actual loads on cross-arms and the wind pressure on the side 
of the tower would have to be taken into account and sub¬ 
stituted for the concentrated test load of 12,000 lb. at the point 
0", which does not produce any stress in the brace C so long as the 
corner angle A remains truly straight and exerts no lateral pres¬ 
sure at the point 0. The method of moments can usually be 
applied for all sections of a tower structure if the imaginary 
dividing planes are properly placed. The counter members or 
ties that are not in tension under the conditions of loading con¬ 
sidered are usually assumed to be non-existent, ^.e., to serve no 
useful purpose as compression members. 

When computing the stresses in the flexible A-frame steel 
structures, it is assumed that the structure remains always 
normal to the line in a vertical plane; but unbalanced forces 
in the conductors will actually deflect the frame from this position 
and so reduce its possible resistance to transverse loads. It is 
practically impossible to calculate the strength of the distorted 
frame, and although flexibility in the direction of the line is 
usually a desirable feature of this type of structure, it is very 
important to design the so-called flexible steel towers so that 
they will not be deflected unduly by such ‘torsional loads as they 
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may be subjected to at times when strong winds are blowing 
across the line. This matter of the possible weakening of this 
type of structure in a direction transverse to the line has already 
been referred to in Art. 63 (see p. 166). 

Light-weight Steel Towers .—The steel used in the construction 
of transmission line towers is usually what is known as Class A 
basic open-hearth steel, as used for steel buildings : its ultimate 
strength is between 60,000 and 70,000 lb. per square inch, but 
stronger material is obtainable and may be used when light 
weight is of great importance. Since it is not the cost of the 
tower at the factory, but its ultimate cost erected on site which is 
of interest to the purchaser, it is obvious that light weight, even 
at a considerably higher price per pound of material, may some¬ 
times be desirable. 

Stiffness of Steel Towers, Deflection under Load .—The deflec¬ 
tion of the top of a transmission line tower of the ordinary light 
windmill” type with wide square base, when bolted to rigid 
foundations and subjected to a horizontal load such as to stress 
the material to nearly the elastic limit, might be from 2 to 5 in. 
With regard to the two-legged or flexible” type of tower, if this 
is of uniform cross-section, it may be treated as a beam fixed at 
one end and free at the other end. If the resultant pull can be 
considered as a single concentrated load of P lb. applied in a 
horizontal direction, at a point H in. above ground level, the 
deflection, in inches, will be 

. __ PH^ 

^ 3EI 

where B is the elastic modulus for steel (about 29,000,000, being 
the ratio of the stress in pounds per square inch to the extension 
per unit length), and I is the moment of inertia of the horizontal 
section of the structure. 

. 68. Tower Foundations.-^-The upward pull of the tower legs, 

which was found in the above example to amount to 21,150 lb., 
has to be resisted by the foundation. The weight of concrete 
may be taken at 140 lb. per cubic foot, and of good earth at 1001b., 
the volume of the earth to be lifted being calculated at the angle 
of repose, which may be about 30 or 33 deg. with the vertical, 
as indicated in Fig. 54. If thejfloting o f a tow er is i n gravel, or a 
mixture of sand and loamjiightly pac^d, there is aptu ally a fat* 
greater resistance to the pulling up of the footings than that which 
is offered by the mere weight of the footings with prism of earth 
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as calculated in the usual way. Even if .the calculated frustum 
of earth be considered free to move in an upward direction, the 
angle of repose for firm earth may be taken at 55 deg. instead of 
the usual .‘^0 deg. which refers to coarse sand, diy clay, or damp 
earth. For wet clay this angle is about 20 deg., and for very fine 
sand it may be as small as 10 deg. 

When concrete has to be used, it is sometimes cheaper to rein¬ 
force it with steel of an inverted T form, as this makes a lighter 
construction than a solid block of concrete, and an equally good 
hold is obtained owing to the increased weight of the packed 



Fio. 54.—Foundation for steel tower anchor stub. 


earth which has to be lifted. At the same time it must not be 
forgotten that the digging of a large hole 5 to 8 ft. deep is con¬ 
siderably more costly than the digging of a hole about 2 ft. 
square, and this extra cost in erection must be taken account of 
in designing the footings. In marshy or loose soil, or where the 
right of way is likely to be flooded, special attention should be 
paid to the design of durable foundations. Concrete footings 
with or without piles, or rock-filled crib work may be necessary; 
it is a matter requiring sound judgment and, preferably, previous 
experience on the part of the engineer in charge of construction. 
Crumbling hillsides are best avoided; it is extremely difficult to 
guard against damage by land slides or even snow slides when 
towers are erected on the steep slopes of hills. 

The use of concrete adds considerab lY 
and li snouict be avoided if possible; on tViA other it i» r\n% 
easy to design foundations to resist a given uplift with out an 
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exact knowledge of the soil conditions at the site of the tower. 
For the greatest economy of foundation, it is necessary that the 
designer obtain reliable information on this point.^ 

Assuming an average angle of slope of 30 d eg.T^ indicated in 

Fig. 54, and a weight of soil of 100 lb. per cubic foot, the depth of 

foundation may be calculated as follows: 

" — ——~ 

Let h == depth of footing below ground level, in feet. 
r = equivalent radius of footing area, in feet. 

R = radius (in feet) at ground level of conical section of 
earth to be lifted. 

6 == angle of natural slope of earth. 

The volume of frustum of cone to be lifted is 

F = + R^- + rl{) (75) 

oviir + h tan 6 be put in the place of /f, 

y = 5 + /i^ tan= 6 + Zrh tan 0) (76) 

o 

If ^ = 30 deg., tan 6 = 0.5774 and (approximately), 

V = 7r/?,(r2 . 4 . 011^2 + ii58r/i) (77) 

If r = 1 ft., and h = 7 ft., the volume of earth to be lifted, by 
formula (77) is then V = 230 whence the weight of earth to be 
lifted is approximately 23,000 lb. As previously mentioned, if the 
soil is firm, this method of calculation usually gives results well 
below actual values of pull required to uplift the footing. Under 
the conditions upon which this example has been based, it is 
probable that the footing would not move until the pull was 
about 30,000 lb.; there would then be a packing of the soil 
immediately above the footing, and a final pull of about 40,000 
lb. might be necessary to uproot the stub and footing. 

On account of the uncertainty of the data used in calculations 
on tower anchorages, it is advisable to allow a factor of safety 
about 25 per cent greater than that used in the design of the 
towers themselves. Thus, if the tower itself may be expected to 
fail when the loading is 50 per cent in excess of the maximum load 
which it is ever likely to be called upon to withstand, a factor of 
safety of 1.5 X 1.25 = 1.875 or, say, 2 should be used in the 
calculations for the footings. If the factor of safety used in the 



186 


ELECTRIC POWER TRANSMISSION 


tower design^ is 2, a factor of 2.5 should be used in calculating 
the holding power of the anchorage. 

Some types of concrete footings for the usual wide-base steel 
tower are shown in Fig. 55. It is important to shape the top 
surface of the concrete around the steel stubs so as to avoid the 
formation of water pockets which would ultimately cause corro¬ 
sion of the metal at this point. 

When concrete is not used, the design of the anchors is a matter 
that should receive very careful consideration. If towers are to be 
subjected to load tests, these tests should, if possible, be conducted 
on a tower set on its anchors, as used in the field, because 





Fio. 55.—Types of tower footings in concrete. 


the strength is to an appreciable extent dependent upon the 
method of attachment of the tower^s legs to the anchor stubs. 

The design shown in Fig. 54 has the disadvantage that there is 
a possibility of bending forces causing distortion or breaking of 
the straight unsupported length of angle iron between the footing 
and the upper end of the stub which is bolted to the corner mem¬ 
ber of the tower. This possibility is illustrated by Fig. 56. 
Assuming the usual square-base tower with four anchor stubs, the 
resultant force tending to uproot the anchor stub OF is the vector 
OR of which the horizontal component is OH == }iPf and the 

1 Reference is here made to the true factor of safety and not to the so-cailed 
safety factor^' based upon ratio of ultimate unit stress to unit stress used in 
design calculations (see Art. 65). 
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vertical component is OV = ^ Note that this 

resultant force is not necessarily in the direction FO, and that it 
may be resolved into the two components OL, acting along the 
axis of the stub, and OB in a direction perpendicular to OF, It 
is this component which may cause bending in the event of the 
earth yielding near the ground level. Even a slight displacement 




Fig. 56.—Illustrating possibility of bending for<;cs in tower footings. 


of the point 0 would result in abnormal stresses in the tower 
members, and this might lead to failure of the whole structure. 
The tendency to avoid concrete footings in order to reduce 
erection costs is not unreasonable provided proper attention is 
paid to the design of footings. If the single angle section with 
grillage and stiffening braces at bottom, as shown in Fig. 54, is 
replaced by three angle members forming a tripod connecting a 
triangular plate of adequate area to a common point on the main 
anchor stub only a short distance below the ground level, a 
satisfactory tower footing is obtained. 
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Another type of footing for use without concrete is the design 
of the American Bridge Company, which is illustrated in Fig. 57. 
This virtually has the effect of continuing the lower braces of the 
tower, together with the main corner member, to a point about 3 
ft. below the ground surface, where any stresses tending to move 
the footing in a horizontal direction are taken by short lengths 

of channel section bolted to the two 
I ^ sides of the main stub. 

5 ; li I When structural steel, whether gal¬ 

vanized or not, is embedded in con¬ 
crete, its life is practically unlimited; 
l)ut there is always the possibility of 
corrosion when the galvanized-steel 
footings fabricated from standard 
structural sections are directly in con¬ 
tact with the soil. In many instances 
the corrosion has boon found to be no 
greater below than above ground; but 
when the soil is of an alkaline nature, 
corrosion may be very rapid, 

A point of importance in the design 
of tower foundations is the area of the 
footing in contact with the earth. In 
the case of the upward pull on the 
stubs connected to the tower mem¬ 
bers in tension, the weight of the cone 
of earth to be lifted may be ample to 
provide the desired factor of safety; 
but movement of the tower founda¬ 
tions may occur through the packing 
of the earth due to excessive unit 
pressure over the upper surface of the footing, and* this move¬ 
ment may be appreciable notwithstanding that there may be no 
disturbance of the ground surface. A surface of not less than 1 
sq. ft. for every 10,000 lb. of the vertical force which will pull out 
the anchors should be provided, unless the nature of the soil is 
such as to justify a reduction of this allowance. 

The Malone Anchor .—The trouble referred to above, namely 
the compression of the earth above or below the footing without 
disturbance of the ground surface is not likely to occur when the 



Fig. 57.—Special desii^n of 
tower footint;. 
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^'Malone anchor'’ is iised.^ This type of tower footing consists 
of a drilled hole with an enlargement at the bottom sprung by 
dynamite and filled with concrete into which the anchor stub is 
puslied and held in position until the concrete has set. A hole 
5 or 0 in. in diameter can be bored to a considerable depth at a 
much lower cost than that of the excavations required in connec¬ 
tion with the usual methods of setting anchor stubs. Dynamite 
is exploded near the bottom of the bored hole, and this produces 
a cavity, usually nearly spherical in shape and approximately 2 ft. 
in diameter, into which the concrete is poured after the anchor 
leg-- usually a straight length of angle steel—has been correctly 
set in position. The bored hole is also filled with concrete, but 
the amount n^quired for a given holding-down pull is very much 
less than for concrete footings of the ordinary type. 

69. Guys for Steel Towers. —There is an unexplained prejudice 
against the guying of steel towel's where extra strength to resist 
lateral loads is required. By giving proper attention to the 
method of guying, and inspecting the line at regular intervals, 
there is no apparent reason why this fairly obvious device to 
save the extra cost of special structures should not prove entirely 
satisfactory. The so-called rigid tower with wide base and 
costly foundations is a somewhat clumsy device to take care of 
the enormous stresses ajb points where high-strength conductors 
are dead ended or where the line turns at a sharp angle. Undoubt¬ 
edly there are situations where natural obstacles or difficulties 
of right of way render guying impossible or uneconomical and 
in such situations the self-supporting, very strong, and very 
costly steel tower will have to be used, but there are many 
instances where economy might have been effected if the fairly 
obvious device of guying corner or terminal structures had been 
resorted to. It has already been stated that the maximum 
deflection under load of the square-base rigid type of steel tower 
does not exceed a few inches, and it would, therefore, be folly to 
design such a structure of insufficient strength to resist lateral 
loads and then ^^strengthens^ the tower by long oblique guys with¬ 
out being sure that the yield of the guy anchorages and the elastic 
extension of the guys themselves would be appreciably less than 
the deflection of the tower which would stress the members of 
the structure beyond the elastic limit of the material. In other 

^ Elec. Worlds p. 524, Mar. 3, 1923. 



190 


ELECTRIC POWER TRANSMISSION 


words, a guyed tower should not have a wide base bolted to 
immovable foundations, but should be designed as a column, to 
withstand vertical loads, with a narrow base or even (if necessary) 
a pivoted base so that the guy wires would take their full share of 
the load. There are many transmission lines using the flexible 
type of steel support with head guys and corner guys provided 
where needed that have cost less and given quite as good service 
as the lines with wide-base rigid towers and longer spans. It is 
probable that the latter construction will hold its own in connec¬ 
tion with important extra-high-voltage developments, but when 
economy is considered—as it always should be, by the engineer— 
it is possible that, where special structures are required to resist 
extra-heavy lateral loads, guyed towers may ultiniately take the 
place of the monstrous self-supporting structures which other¬ 
wise would be necessary. 

70. Layout and Erection of Overhead Transmission Lines.— 

This book is not intended to give practical advice to construction 
engineers or the men actually engaged in the work of erecting 
poles or towers and stringing wires. A competent construction 
engineer, with experience in handling men and materials in the 
field, should be given a free hand in planning and executing the 
work of erecting a power transmission line; and such a man will 
not derive much assistance from books. On the other hand, 
there are some excellent books available dealing with the more 
practical side of transmission line engineering. These include 
the various electrical engineering handbooks. The reader 
desiring information on the methods ordinarily adopted in 
carrying out the details of construction is referred to these other 
sources of information; also to the papers and articles which 
appear from time to time in the journals of the engineering socie¬ 
ties and in the technical press. ^ 

The principal reason for referring to these matters in this 
place is to emphasize the importance of devoting much time and 

^Lundquist, R. a., ^^Transmission Line Construction,” McGraw-Hill 
Book Company, Inc. 

Coombs, R. D., “Pole and Tower Lines,” McGraw-Hill Book Company, 
Inc. 

Painton, E. T., “Mechanical Design of Electric Transmission Lines,” 
Chapman & Hall, Ltd. 

Refer also to manufacturers^ publications for useful details and recom¬ 
mendations in connection with the construction and erection of overhead 
transmission lines. 
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thought to the various details of overhead line construction 
before the work is actually started. The proper setting out of the 
line is among the most important matters connected with over¬ 
head construction. If a line is not carefully surveyed and 
planned in every detail, it will often be impossible to get good and 
refiable service from it. This does not mean that the commer¬ 
cial aspect of the undertaking is not of prime importance; on the 
contrary, it is the only aspect from which an engineering under¬ 
taking of the kind under consideration should be viewed. But 
this is not equivalent to saying that a small first cost is always 
desirable, or that even a short low-voltage transmission line can 
be constructed and operated economically by persons without 
engineering skill and experience. It is an easy matter to find 
examples of lines that have cost too much; but it is not impossible 
to find the transmission line that has cost too little—in the first 
instance. 

At the present time new power developments at the higher 
voltages, and extensions on a large scale of existing power lines, 
are generally in the hands of competent engineers and are very 
thoroughly studied; but this is not always the case with the 
smaller and lower voltage undertakings, some of which are not 
good examoles of engineering skill and foresight, and, although 
perhaps cheaply constructed in the first instance, do not fulfil 
adequately or economically the purpose for which they were 
intended. 

Determining Position of Supports on Uneven Ground. —The 
lowest point of the span is not necessarily the point at which 
the wires come closest to the ground. When there is doubt as 
to the proper location of the supports in rough country, the 
method illustrated in Fig. 58 will be found very convenient. 
The curve a is the parabola corresponding to the required 
tension in the particular wire to be used. The ratio of the 
scale of feet for vertical measurements to the scale for horizontal 
measurements should be about 10 to 1. The dotted curves b 
and c are exactly similar to a, but the vertical distance ah repre¬ 
sents the minimum allowable clearance between conductor and 
ground, while the vertical distance ac is the height above ground 
level of the point of attachment of the lowest wires to the stand¬ 
ard transmission pole or tower. These curves should be drawn 
on transparent paper; they can then he moved about over a 
profile of the ground to be spanned, drawn to the same scale as 
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the curves, until the best location for the supports is found. The 
point P where the curve b touches the ground line is seen to be 
far removed from the lowest point of the parabola, in the example 
illustrated in Fig. 5(S. A little practice will make the finding 
of the points A and B an easy matter, even if the length of span, 
or distance between A and B, must be kept between close limits. 

This method is paiticularly applicable to long-span lines 
carried over rough country. 

In connection with the approximate location of the line and 
supporting structures, in districts for which detailed maps are 



Fig. 58.— Method of locating position of towers in rough country. 


not available, a series of photographs of the proposed route 
taken from an aeroplane by an expert in this new application of 
photography to land surveying will sometimes shorten the time 
and reduce the cost of preliminary surveys. 

A chapter treating of the mechanical features of overhead trans¬ 
mission lines might be expected to include the design and con¬ 
struction of outdoor substations and even such special structures 
as transposition towers. The latter usually consist of simple 
modifications to standard towers, the exact nature of which will 
depend upon the ingenuity of the engineer who 

wiU usually decide upon details of construction in consultation 
with the manufacturer. The design and equipment of.outdoor 
substations are subjects of growing importance which require 
far more space than could be devoted to them here. The techni¬ 
cal press, during the last few years, has described a number of 
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modern outdoor substations, the important features of which 
are the proper arrangement of the various pieces of apparatus in 
relation to each other and to the bus bars, and the provision of 
adequate insulation between high-voltage metal work and the 
grounded steel structure. The design of the supporting structure 
is not a very difficult matter once the manner of attaching the 
insulators to the steel work and the necessary clearances for 
insulation purposes have been decided upon. 



CHAPTER VIII 


INSULATION OF OVERHEAD TRANSMISSION LINES 

71. Insulation Problems. Materials. —The economic trans¬ 
mission of large amounts of electric energy over considerable 
distances involves the use of very high voltages. The reduction 
of the current to be trahsmitted by increasing the pressure of 
transmission effects not only a saving in the weight and cost of 
conductors, but also keeps down the losses and improves the 
voltage regulation of the line by preventing excessive IR and 
IXj voltage drop. The material most commonly used for 



Fig. 59.—Single piece glass insulator. Average weight per piece, 4?^^ lb. 

Made for standard 1 in. and special 1?^ in. pins. Voltages—Test—Drv 86,200, 
Wet 50,100, Line 17,000. 

insulators on high-tension overhead lines is porcelain; but glass, 
which is cheaper than porcelain, may sometimes be used to 
advantage on the lower-voltage lines. Figure 59 shows a glass 
line insulator manufactured by the Hemingray Glass Company 
of Muncie, Ind. Glass is a material of high resistance and dielec- 
trie strength, but it is mechanically weaker than porcelain and| 
generally more liable to injury from sudden and extreme varia¬ 
tions of temperature. The Pyrex glass insulators, recently put 
on the market by the Coming Glass Works of Coming, N. Y., are 
able to withstand power arcs without cracking or suffering perma-^ 
nent injury. The Missouri River Electric and Power Company 
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of Helena, Mont., has used glass insulators for working pressures 
up to 70,000 volts. These insulators are mounted on wood 
supporting pins treated with paraffin in a vacuum. It is true 
that the climate is dry and the air free from dust or salt which 
might cause trouble with so high a voltage if the insulators were 
installed under less favorable conditions. Porcelain is more 
commonly used for the higher pressures than glass, but for volt¬ 
ages, up to 25,000, glass insulators have given satisfaction, not 
only in this country, but also in France where they are used in 
considerable numbers for the lower-voltage power transmission 
lines. 

For the suspension type of insulator, as used for the higher 
pressures, porcelain appears to be the best material available at 
present, although it is far from being ideally suited to the 
requirements. 

Insulators used on high-voltage transmission lines are the 
result of successive developments and improvements in the 
design and manufacture of insulators originally used for supporting 
telegraph wires and the low-voltage conductors of the earlier 
overhead lighting systems. Of recent years the study of line 
insulation problems has been conducted on scientific lines, and 
the later developments are mainly the outcome of a more thorough 
understanding of the fundamental principles involved in their 
design. 

The design of insulators for the lower voltages is a compara¬ 
tively simple matter, the diflBculties becoming greater with the 
increase of pressure, although the introduction of the suspension 
type, which permits of many units being connected in series, has 
considerably simplified the problem. 

It is important to bear in mind that every insulator is neces¬ 
sarily a more or less complicated condenser, and it can generally 
be thought of as consisting of a number of separate condensers in 
series, the dielectric being alternately air and porcelain. The 
current passing from line to ground is partly a leakage current 
over the surfaces (the leakage through the porcelain being gener¬ 
ally negligible) and partly a capacity current. This capacity 
current spreads itself over the high-resistance surfaces of the 
insulator material in a way which depends upon the surface 
conductivity and on the spacing and disposition of the various 
parts. It is well to keep the electrostatic capacity as low as 
possible, but it is of equal if not greater importance to distribute 
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; it by a scientific arrangement of the component parts so that 
; abnormal stresses will not occur locally. These may puncture 
or damage the insulator at one particular point, while a more 
carefully designed insulator of lighter weight may withstand a 
greater total breakdown pressure, because proper attention has 
been given to this important matter of capacity distribution. 

The effect of rain on the exposed surfaces of an insulator is to 
increase the capacity, and this will generally lower the flash-ovei* 
point, but the increased surface conductivity has the effect ci 
equalizing the potential distribution. In the case of a large' 
number of condensers in series, such as occurs especially with the; 
suspension type of insulator, it has actually been observed that 
this equalizing of the potential distribution may cause the flash- 
over pressure of the wet insulator to be no lower than the flash- 
over pressure of the same insulator when dry. 

If the distribution of dielectric flux could be easily determined 
in the case of the rather complicated shapes and varying thick¬ 
nesses of dielectric which occur in high-tension line insulators, 
it would be an easy matter to predict the performance of new 
types and sizes under specified conditions. Although the dielec¬ 
tric circuit can conveniently be treated in a manner analogous to 
the engineer’s treatment of the magnetic circuit, there is always 
difficulty (except in the simplest cases) in predetermining the 
amount and direction of the lines of flux or stress, 
r It is not proposed to take up much space in discussing details 
of design or in explaining exactly how an insulator should be 
proportioned to fulfil given requirements, but recent progress and 
the understanding of present-day problems depend so much on 
an understanding of the flux distribution and stresses in the 
dielectric circuit that a brief review of the fundamental relations 
governing flux distribution in and around insulators will not be 
out of place. 

y 72. The Dielectric Circuit.—The fundamental law of the dielec¬ 
tric circuit is 

^ EC (78) 

where ^ is the total dielectric flux (in coulombs) in a space oi 
which the permittance or capacity is C farads, when the potential 
difference producing this flux is E volts. 

If a small element of flux is considered, i.e., a ^'tube^^ of induc¬ 
tion, of length I cm. and cross-section A sq. cm., over which the 
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flux A' is evenly distributed, the flux density, in coulombs per 
square centimeter, is 


D = 


A' 

A 


(79) 


If the difference of potential between the two ends of the path 
/ cm. long is E volts, the capacity (or permittance) is proportional 
A 

to ^ ^ exactly as in the analogous case of the magnetic circuit 

of which the perrnednce is directly proportional to A and inversely 
proportional to /. 

With the proper constants inserted, 


Electrostatic capacity — ^ 


10 ® 

47r(3 X 101®“)2- 


^ farads (80) 


wherein the numerical multiplier results from the choice of 
units. The factor k is the relative specific inductive capacity, 
or dielectric constant, of the material {k = 1 in air), while the 
unit for I and A is tlie centimeter. This expression for capacity 
may conveniently be rewritten 

Cmf. =-y-microfarads (81) 

10 ^ / 


Approximate values for k are given in the accompanying 
table: 

Dielectric Constants and Disruptive Voltages 


Material 

Dielectric constant k 

Dielectric strength, 
kilovolts per 
centimeter 

Air. 

1 

22 

Porcelain. 

4.5 

110 

Glass... 

5 to 10 

90 

Transformer oil. 

2.4 

80 

Paraffin. 

1.9 to 2.3 

100 



The figures in the last column of the table are approximate 
only; they indicate the virtual or r.m.s. value of the (sinusoidal) 
alternating voltage which may be expected to break down a slab 
of the material 1 cm. thick placed between two large flat metal 
electrodes. What is usually understood by the expression “dis¬ 
ruptive gradient is obtained by multiplying the values in the 
table by \/2. 
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Returning to formula (79), let electric fluXy or quantity of 
electricity ^ be expressed in terms of capacity and e.m.f., with 
a view to determining the relation between flux density and 
electric stress. Formula (80) may be written 

C = {Kk)~ farads (80a) 

where K stands for the numerical constant. Substituting in 
equation (78), 

^ = E{Kk)^^ 

\ 

T/ 

E . 

Since y is the potential gradient, or volts drop per centimeter, 
denoted by the symbol G, 

D =: KkXG (82) 

The analogous expression for the magnetic circuit is B — yH. 

In the dielectric circuit, electric flux density = e.m.f, per ceniv- 
meter X conductance^^ of the material to dielectric flux^ while, in 
the magnetic circuit, magnetic flux density = m.m.f. per centimeter 
X conductance^^ of the material to magnetic flux. 

Since the electric stress or voltage gradient G is directly 
proportional (in a given material) to the flux density 2), it follows 
that, when the concentration of the flux tubes is such as to pro¬ 
duce a certain maximum density at any point, breakdown of the 
insulation will occur at this point. Whether or not the rupture 
will extend entirely through the insulation will depend upon the 
value of the flux density (consequently the potential gradient) 
immediately beyond the limits of the local breakdown. 

Before illustrating the application of the above principles to 
the design of insulators, it will be advisable to assemble and 
define the quantities which are of interest to the engineer in 
making practical calculations. 

E, e — e.m.f. or potential difference (volts) 

{ « length, measured along line of force (centimeters) 

A ^ area of equipotential surface perpendicular to lines of 

force (square centimeters) 

de * • 

(J as — =r potential gradient (volts per centimeter) 
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C == capacity or permittance (farads or microfarads) 

, coulombs ^ .X i. ^ 

(l^arads = “ " per unit e.m.f.) 

K = constant = 8.84 X 10”^^ (farads per centimeter cube, 
being the specific capacity of air) 
fc = dielectric constant, or relative specific capacity, or relative 
permittivity (h = 1 for air) 

^ = dielectric flux, or electrostatic induction (^ = CE = AD 
coulombs) 

D = flux density ~ ” (Ki)G (coulombs per square centi¬ 

meter) 


Calculation of Condenser CopaciUj .—Imagine two parallel 
metal plates, as in Fig. 60, con¬ 
nected to the o]3posite terminals of 
a continuous current source of 
supply. The area of each plate is 
A sq. cm. and the separation be¬ 
tween plates is I cm., the dielectric 
or material between the two sur¬ 
faces being air. The edges of the 
plates should be rounded off to 60.-Simplo plate condenser. 

avoid concentration of flux lines. If the area A is large in com¬ 
parison with the distance a uniform distribution of the flux may 



be assumed in the air gap, the density being D 


By formula (81), the capacity is Cmf. 


8.84 X A 
fO« X I 


mt, since 


the dielectric constant (k) of air is 1. Assuming numerical 
values, let A = 1,000 sq. cm., and I — 0.5 cm. 


Then 


8.84 X 1,000 
lOi^^ X 0.5 


= 1.77 X 10-1® farads 


IfE == 10,000 volts, the potential gradient will be G = 


= 20,000 volts per centimeter. There will be no disruptive 
discharge, however, because a gradient of 31,000 volts per centi¬ 
meter is necessary to cause breakdown in air. 

By formula (78), the total dielectric flux is '1' == 10,000 X 1.77 
X 10-1® _ 1 77 10-* coulombs. 

Dielectric Paths in Series .—Assume that a 0.3-cm. plate of 
glass is inserted between the electrodes of. the condenser shown in 
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Fig. 60. The modified arrangement is illustrated by Fig. 61. 
On first thought it might appear that this arrangement would 
improve the insulation, but care must always be taken when 
putting layers of insulating materials of different specific induc¬ 
tive capacity in series, as this example will illustrate. In addition 
to the elastance^ of a 0.3-cm. layer of glass, there is the elastance 
of two layers of air, of which the total thickness is 0.2 cm. 
Assuming that the value of the dielectric constant k for the partic¬ 
ular quality of glass used is 7, and 
that Gg and Ga are the potential 
gradients in the glass and air, 
respectively, then, by formula (82), 
KG a = 7KGg, whence Ga = 7Gg. 

Taking the total potential differ¬ 
ence between electrodes as 10,000 
volts, the same as used in consider¬ 
ing Fig. 60, E — 10,000 = 0,2Ga + 
O.SGp, whence Gg = 5,880 volts per 
centimeter, and Ga = 41,100 volts 
per centimeter. Such a high gradient as 41,100 would break 
down the layers of air and would manifest itself by a bluish 
electrical discharge between the metal plates and the glass. 
On the other hand, the gradient of 5,880 volts per centimeter 
would be far below the stress necessary to rupture the glass. 
It should be observed that the introduction of the glass 
plate has appreciably increased the capacity of the condenser. 
For example, with the same voltage (E = 10,000) as before, the 
total flfix is now ^ = AD = 1,000 (8.84 X 10“^^ X 41,000) = 
3.63 X IQ-® coulombs. This value is about double the value 
calculated with only air between the condenser plates. 

Conditions Determining Flash-over ,—Whether or not spark- 
over will occur depends not only upon the condition of the 
surface (clean or dirty, dry or damp), but also upon the shape and 
position of the terminals or conductors. It is, therefore, almost 
impossible to determine, other than by actual test, what will 
happen in the case of any departure from standard practice. 

For a given material and surface condition (clean, dry, dirty, or 
damp), whether or not a flash-over will occur depends upon the 
voltage gradient or difference of potential per unit length of the 
^ In the dielectric circuit, elastance is the reciprocal of permittance (or 
capacitance), Blastance » 



Fig. 61.—Plate condenser with 
electrodes separated by air and 
glass. 
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surface. Thus, if two electrodes are separated by an insulator 
providing a leakage path over a surface of length Z, it is impossible 
to predetermine the voltage which will cause a flash-over without 
a knowledge of the shape of the insulator surface as well as its 
nature and condition. In Fig. 62 a thin disc of insulating 
material is used to separate two metal electrodes, the length of 
the leakage path over the surface being 1. In Fig. 63 the same 
electrodes are separated by a thicker block of solid insulation, 
arranged to provide a leakage path of exactly the same length I, 
as in Fig. 62. Flash-over will occur at a lower voltage around 
the thin disc of Fig. 62 than over the thicker insulation of Fig. 63. 
This is because the flux concentration due to the proximity of the 
terminals in Fig. 62 begins by breaking down the layers of air 




Figs. 62 and 03.—Leakage path over surface of insulator. 

around the edges of the electrodes at a considerably lower poten¬ 
tial difference than will be required for the thicker insulating 
block of Fig. 63. The effect of this incipient breakdown is, 
virtually, to make a conductor of the air around the edges of the 
metal electrodes and so shorten the effective creepage distance 
around the edges of the plate. That the phenomenon of so-called 
surface leakage may be considered as being mainly one of flux 
concentration or potential gradient is further illustrated by 
Figs. 64, 65, and 66. These sketches all show the same separa¬ 
tion between the two large flat-plate electrodes. The density 
of the flux in the air gap of Fig. 64 (as represented graphically 
by the spacing of the vertical flux lines) will be proportional to 
the potential difference between the electrodes. In Fig, 65 the 
electrodes are shown mounted on the ends of a cylinder of some 
insulating material of which the dielectric constant (or relative 
permittivity) is assumed to be 4. The flux density in the solid 
insulation will, therefore, be four times as great as in the air 
outside the cylinder. The dielectric field has not otherwise been 
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disturbed, and the potential gradient at all parts on the surface 

E 

of the solid insulation is, therefore, j, where E is the potential 

difference between the electrodes. It has been found experi¬ 
mentally that, under these conditions, a good insulator with a 
clean, dry surface is able to stand just before breakdown a 
gradient as high as 24,000 volts (r.m.s. value) per inch. If 
we allow a safety factor of 3, it follows that, with a separation of 
only 5 in., the arrangement of Fig. 65 would be suitable for a 
working pressure of 40,000 volts. 

Figure 66 shows the solid cylinder of Fig. 65 replaced by a 
cylindrical insulator provided with projecting flanges, and an 
attempt has been made to indicate the flux distribution by the 



Fia. 64. Fia. 65. Fig. 66. 

Figs. 64, 65 and 66.—Illustrating effect of shape of insulator on flux 

concentration. 


spacing of the vertical flux lines. It is evident that, although the 
distance over the surface of the insulator has been increased, 
the flux density—and, therefore, the voltage gradient—^in the air 
spaces has also considerably increased. The air will, therefore, 
be stressed beyond the breakdown limit with a smaller potential 
difference between the electrodes than in the case of Fig. 64 or Fig. 
65. The layers of solid dielectric of high permittivity placed across 
the path of the flux lines have reduced the effective distance 
between the electrodes and so lowered the elastance (or increased 
the capacity) of the air paths. Although a brush discharge 
between the flanges may not always be objectionable, and may 
not lead to a complete flash-over, it is generally preferable to avoid 
the occurrence of such discharges at voltages near the normal 
working pressure of the insulator. Thus, the conclusion to be 
drawn from this discussion is that it is usually desirable to shape 
the surface of an insulator to conform with the shape of the 
flux paths, because this will cause the potential gradient at the 
surface to be a minimum. 

































INSULATION OF OVERHEAD TRANSMISSION LINES 203 


When it is necessary to guard against wet, as in overhead line 
insulators, sheds or petticoats, either of metal or insulating 
material, are necessary, but their effect is to shorten rather than 
lengthen the effective surface distance; that is to say, they may 
increase the actual length of the surface creepage distance, but 
they also increase the tendency for the layers of air to break down 
over the portions of the surface between the sheds, as illustrated 
by Fig. 66. 

73. Design of Insulators—Wall and Roof Outlets. —The design 
of an insulator, to comply with any given specification, is a 
matter which concerns the manufacturer, who has been compelled 
of late years, owing to the rapid increase of working pressures, to 
devote his attention to the principles underlying the correct and 
economical design of insulators for high-pressure lines, and who is, 
therefore, something of a specialist on this particular subject. 
The transmission line engineer should understand the principles 
underlying the correct design of overhead insulators; but it is 
suggested that however great his 
knowledge of the subject, he will 
be well advised to leave details 
of design to the manufacturer, 
and to use standard types when 
possible. 

The manner in which the fun¬ 
damental principles, briefly dis¬ 
cussed in the preceding article, 
may be applied to the design of 
high-voltage insulators^ is most 
easily illustrated in connection 
with concentric cylinders of in¬ 
sulating materials such as enter 
into the construction of roof and wall bushings. It is for this 
reason that such bushings will be considered before describing 
the more important pin-type and suspension-type line insulators. 

Figure 67 is a section through a conductor of radius r separated 
by insulating material of specific inductive capacity k from a 
concentric metal cylinder of radius R, 

^ Questions relating to insulation with special reference to design problems 
are treated in more detail in the writer’s “Elements of Electrical Design,” 
hJcGraw-Hill Book Company, Inc., but some of the material in this and 
succeeding articles (including a few illustrations) has been taken from 
“Elements of Electrical Design.” 



Fig. 67.—Section through insulating 
bushing. 
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The equipotential surfaces will be cylinders, and the flux 
density over the surface of any cylinder of radius x and of unit 

length, say, 1 cm., will be i) = ^— 


By formula (82), the potential gradient is 



2TxKk 


(83) 


In order to express this relation in terms of the total voltage 
Ej it is necessary to substitute for the symbol 4^ its equivalent 
E X C, and calculate the capacity C of the condenser formed by 
the rod and the concentric tube. Considering a number of con¬ 
centric shells in series, the elastance may be written as follows: 


C I ~2TxKk 2Tkk r 
Substituting in (83), 

E 

g =- volts per centimeter 

X log, - 


(84) 


(85) 


the maximum value of which is at the surface of the inner con¬ 
ductor, where 


G 


max. 


E 



( 86 ) 


This formula is of some value in determining the thickness of 
insulation necessary to avoid overstressing the dielectric; but it 
is not strictly applicable to wall bushings in which the outer 
metal surface is short as compared with the diameter of the 
opening. The advantage of having a fairly large value for r is 
indicated by formula (86), and a good arrangement is to use a 
hollow tube for the high-tension terminal. 

Solid porcelain bushings with either smooth or corrugated 
surfaces may be used for any pressure up to about 40,000 volts. 
In designing plain porcelain bushings it is important to see that 
the potential gradient in the air space between the metal rod and 
the insulator is not likely to cause brush discharge, as this would 
lead to chemical action, and a green deposit of copper nitrate 
upon the rod. 

MxampU 19. Design oj Porcelain Wall Bushing ,—It is desired 
to design a porcelain insulating bushing to take a ^^-in. copper 
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rod through an inside partition wall. The working pressure is 
33,000 volts alternating. 

In order to avoid the formation of corona or luminous discharge 
in the air space between the copper rod and inside surface of 
insulating tube, it is necessary to calculate the voltage gradient 
at the surface of the rod where the stress will be a maximum. 

The voltage gradient which will cause corona or brush discharge 
at the surface of a rod of radius r cm., according to Mr. Peek,^ 

is 31 I 1 + kv. This, in the case of a rod of radius 

\ VrJ 

in* or 0.95 cm., amounts a breakdown pressure (r.rn.s. 
value) of 28 0 kv. per centimeter; but, since it is proposed to use 
the formulas developed for long concentric cylinders, which are 
not quite corretJt for conc< ntric bushings with short outer metallic^ 
cylinders, it will be safer to reduce this figure by about 10 per 
cent, and use 25.7 kv. as the maximum gradient (r.rn.s. value) 
allowable at the surface of the conductor. 

This is a case of two capacities in series, the first between the 
high-tension rod and the inner surface of the porcelain, with air 
as the dielectric, and the second between the inner and outer 
cylindrical surfaces of the porcelain. The dielectric flux being 
the same in both, and since ^ = EC, it follows that the potential 
difference across each condenser will be inversely proportional 
to the capacity, or directly proportional to the elastance as given 
by formula (84). 

Let Ea and Ep stand for the pressure drop (kilovolts) across the 
air gap and porcelain sleeve, respectively, the total e.m.f. being 

E = Ea + Ep = 33 kv. (a) 

Let Ca and Cp stand for the electrostatic capacities of the air 
space and porcelain sleeve, respectively. 

Then Ea Ca ^ Ep X Cp 

and Ep - (&) 

Let r — radius of conductor = 0.95 cm. 

Ri = inside radius of porcelain bushing. 

J ?2 = outside radius of porcelain bushing (in contact with 
grounded metal cylinder). 

^ Peek, F. W., Jb., “Dielectric Phenomena,” McGraw-Hill Book Com¬ 
pany, Inc. 
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k = the dielectric constant for the porcelain == 4.5 (for the 
air gap, k = 1). 

Ga = maximum voltage gradient (r.m.s. value) at surface of 
rod = 25.7 kv. 

Then, by formula (86), 

E. = G„r log. ( f) (c) 


Inserting in (b) the capacities in terms of dimensions and permit¬ 
tivities, as given by formula (84), and making the necessary sub¬ 
stitutions and simplifications, the following expression is obtained, 


E 

Gar 




(d) 


in which the only unknown quantities are Ri and^/ 22 . 

Assume one or more reasonable values for the radius of the 
hole (Ri) in the insulating tube and then solve for 722. The case 


„ Iron supporhha 
Plate and damp 



Fig. 68.—HiKh-voltago porcelain bushing— Example 19. 


of condensers in series was discussed in connection with Fig. 61, 
and it is certain that a very small air clearance around the rod 
will lead to a high voltage gradient and probably brush discharge. 
On the other hand, a very large air gap will cause the- overall 
diameter of the bushing to be greater than is necessary. Assume 
a hole in, in diameter through the porcelain tube {Ri = 3.18 
cm.) and solve for R^ in the equation (d). The answer is R 2 *= 6 
cm., approximately, which makes the outside diameter of the 
porcelain tube about 4^:^ in. The pressure drop across the air 
gap, as given by (c), is £'« = 28 kv., leaving only 33 — 28 == 5 kv, 
pressure drop in the porcelain bushing. 

It will be found that a very small reduction in the size of hole 
through the porcelain sleeve will lead to an increase in the overall 
diameter, while a larger hole, 7 cm. in diameter, would result in 
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a smaller overall diameter, but the calculated thickness of the 
porcelain would then be too small for a practical design. 

The length of the porcelain insulator is determined by allowing 
a leakage distance over the surface of the porcelain of approxi¬ 
mately J^(kv. + 1) in. Corrugations are not necessary, and a 
smooth surface will be satisfactory; the projection at each end 
beyond the grounded metal supporting plate and clamp should, 
therefore, be about 0.5(33 -!- 1) = 17 in. A section through 
the completed bushing is shown in Fig. 08. 4 roof bushing 

supplied by the Locke Insulator Corporatk>a 
for the same working pressure l3,0fK) volts 
is shown in Fig. 69. The hy flash-over 
voltage of this bushing is 101,000 nnd the 
wet flash-over is 80,0fV). 

Oil~Jilled Bushings .—The advantage of re¬ 
placing the air space between the copper rod 
and the porcelain tube by some insulating 
compound having a dielectric constant (/r) 
greater than unity may be * illustrated by 
supposing the space surrounding the metal 
rod to be filled with an insulating oil or 
compound of the same permittivity as por¬ 
celain. The normal working pressure is to 
be 33,000 volts as before, and it can be 
assumed that the insulator must withstand a 
test of 80,000 volts alternating without 
breakdown, allowing a safety factor of 1.25. 

The breakdown gradient for the oil or com¬ 
pound will be about 100 kv. per centi¬ 
meter (r.m.s. value). 

Since k is assumed to have the same numerical value (4,5) for 
both insulating materials (compound and porcelain), formula 
(86) may be used; but this refers to long concentric cylinders, 
and since the potential gradient in bushings with short outer 
metallic sleeve may be 10 per cent greater than as calculated by 
this formula, it is necessary to introduce the factor 0,9 and write 

0.9 X 100 = — 

0.95 X log. 

whence Rz — 3.06 cm., and the external diameter of the porcelain 
bushing need not exceed in., which is appreciably smaller 



Fig. 69.—Roof hush¬ 
ing for ujse oil 33,000- 
volt circuit. 
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than the design wich air clearance between the copper rod ami 
the porcelain. It will be remembered that the reason for the 
larger diameter of bushing in the first design was to avoid brush 
discharge or corona formation at the surface of the conductor. 

Figure 70 shows an oil-filled porce¬ 
lain roof bushing made by the Ohio 
Brass Company for a working 
pressure of 135,000 volts. An oil 
reservoir is provided at the top to 
allow for expansion. The weight 
of this insulator without oil or com¬ 
pound filling is G30 lb. A bushing 
of this type for use on a 220,000- 
volt circuit would have an overall 
length oTll ft. or more. 

One method of bringing the high- 
tension conductor through the wall 
of a building is illustrated by Fig. 
71, which shows the overhead wire 
anchored to the wall by a string of 
suspension insulators, and passing 
through a standard porcelain wall 
bushing as manufactured by the 
Ohio Brass Company. 

When the climate and weather 
conditions are favorable, it is well 
to avoid bushings entirely. In such 
cases, the wires cannot be brought 
down through the roof of the building, but they must enter at 
the side, a suitable protecting hood or roof being placed above 
the wires on the outside of the building. 

The smallest dimension of the opening in brick, stone, or 
concrete wall should preferably not be less than as given below: 


Line pressure, volts 

[ Width of wall opening, feet 

22,000 


33,000 

2 

44,000 


66,000 


88,000 


110,000 

6 

132,000 

7 

220,000 

11 



Fig. 70.—Oil-field porcelain roof 
bushing for 135,000 volts. 
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On each side of the wall opening, the conductor is carried by 
line insulators, of the pin or suspension type, as the voltage may 
require, these being so arranged as to maintain the conductor in 
the center of the opening, with a slight downward incline toward 
the outside of the building to prevent raindrops being carried 
to the inside. 



74. Pin-type Line Insulators.—The laws of the dielectric 
circuit were explained in Art. 72, and under the headings Diekr- 
trie Paths in Series and Conditions Determining Flashr-over^ 
some fundamental principles of particular importance in connec¬ 
tion with insulator design were discussed. 

As previously mentioned, the sheds or petticoats, with inter¬ 
vening air spaces which separate the wire at line potential from 
the pole or cross-arm which is usually at ground potential, may 
be thought of as a number of condensers in series. If Ic is the 
charging current, and E is the potential difference causing this 
flow of current through a condenser of capacity C, 

/, = 2TrfEC^ 


and when the frequency is constant. 



Thus, when a 


number of condensers are connected in series, the current Ic 
is the same through all the condensers, and the potential differ¬ 
ence across any one condenser is inversely proportional to its 
capacity) whence the importance of care in design to avoid too 
great a stress where the thickness of air or porcelain, measured 


^ See footnote on n* 219. 
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normally to the direction of the flux lines, is not sufficient to 
prevent high flux densities and disruptive gradients with a com¬ 
paratively small potential difference across the insulator as a 
whole. 

Example of Insulator Design .—In order to show how the funda¬ 
mental principles of the dielectric circuit may be applied to the 
design of line insulators, consider the line conductor and the tie 
wire to be replaced by a large, flat metallic plate, which has to be 
insulated from a metal sphere representing the grounded support 
of the insulator. This is shown in Fig. 72. The flux lines in the 
plane of the drawing are arcs of circles which enter the sphere 
normally to the surface and of which the centers all lie on the 

C 



line AB in the plane of the flat plate electrode. The equipoten- 
tial surfaces are normal to the flux lines, being spherical surfaces 
with their centers on the vertical axis CD. The rain sheds shown 
in the figure have purposely been shaped to follow equipotential 
surfaces. The body of the porcelain has been shaped so that 
the surface follows the path of the flux lines, for reasons explained 
in Art. 72 when dealing with surface leakage. By making the rain 
sheds coincide with equipotential surfaces, the flux distribution is 
not altered. By shaping these differently and placing them close 
or far apart, it is possible to vary the capacity of the condensers 
formed by the layers of air between the sheds and between the 
inner shed and the metal sphere. This enables the designer to 
modify the potential gradient in one or more of the air spaces 
between the sheds; it also enables him to control to some extent 
the ratio between dry and wet flash-over. The greatest voltage 
gradient in the porcelain between the electrodes occurs at the 
surface of the metal sphere on the line CD, where the distance 
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from plate to sphere is shortest. The thickness at this point must 
be sufficient to insure that flash-over will occur before the porce¬ 
lain is stressed to the breakdown limit. 

This hypothetical design of a pin-type line insulator illustrates 
the manner in which modem insulators may be studied intelli¬ 
gently in relation to the known laws of the dielectric circuit. 
The exact voltage that such a design would withstand without 
flash-over under wet and diy conditions, respectively, must be 
determined experimentally. The design of practical line insula¬ 
tors is based largely on knov/ledge gained through failures of 
more or less imperfect ea^Her t>signs. 

With the pin type of insulator; a number of sheds or petticoats 
hanging close to the pin, with small air spaces between them, 
will not be effectual, because, although the leakage path may be 
long, the capacity is high^ The remedy consists in spreading the 
petticoats away from the pin, the outer shed in some designs 
being almost horizontal. This outer shed has, in some cases, 
been replaced by a metal shield. Apart from the advantage of 
lightness, which permits of a thin metal shed being made of 
larger diameter than would be permissible if the material were 
porcelain, the charging current will spread itself more uniformly 
over the surface of the outer shed, and so prevent the concentra¬ 
tion of potential at the point where the conductor is tied to the 
insulator. An insulator of this type may flash over at a some¬ 
what lower pressure than if the upper hood were of porcelain, 
but under wet conditions the flash-over pressure may be higher. 

The insulator shown in Fig. 73 is not a modern design. The 
inside shell is too close to the pin and will not take its proper 
share of the stress/when flash-over occurs. Moreover, the air 
gaps between the sheds just below the cemented joints are too 
short and the voltage gradient will reach the breakdown limit of 
the air at these points when the total voltage on the insulator is 
comparatively low. In modern designs of pin-type insulator, 
as, for instance, the Faradoid type as manufactured by the 
Westinghouse Electric and Manufacturing Company (see Fig. 
74), the tendency is to increase the thickness of porcelain around 
the end of the grounded supporting pin, to shape the outside of 
the porcelain (neglecting the sheds) so as to follow as nearly as 
possible the direction of the flux lines, to make the she<Is as thin as 
poi^ible and shape them so as to follow approximately the equi- 
potential surfaces, and to aim at about the same capacity between 
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the several sheds. These developments are in accordance with 
theoretical conclusions based on a knowledge of the fundamental 
laws of the dielectric circuit as given in the earlier portions of 
this chapter. 



Fig. 73,—Pin-tyj^o insulator. Fig. 74. —Throe-part line insulator of the 

“Faradoid” type. 

Pin-type insulators are available for pressures up to 70,000 
volts,^ but the suspension type, made up of two of more units, 



Fxg. 70 . Fig. 76. 

Pin-typ© insulators. 


will generally be more satisfactory and economical for pressures 
above 50,000 volts. The pin type of insulator becomes too heavy 

1 Pin-type insulators of modern design have been in successful operation 
in Canada on the 90,000-volt lines of the Toronto Power Company since 
October, 1918. For an interesting account by Patd Ackerman, of experi¬ 
ence with these iasulators, see Bkc. Worlds vol. 80, p. 1439, Deo. 30,1922. 
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and costly when designed for the higher voltages, and, owing to 
the great length of the supporting pin, the bending moment near 
the point of attachment to the cross-arm tends to become exces¬ 
sive. With conductors of large cross-section, the suspension 
type of insulator is preferable, even for comparatively low trans¬ 
mission pressures. 

Wooden supporting pins are not recommended for high-tension 
work; they are rarely used on lines working at pressures above 
33,000 volts. Metal pins are gen¬ 
erally preferable, 'frouble due to 
puncture of the porcelain hv.':wcen 
the (grounded) pin and the ch)I) due- 
tor or tie wire lias prncticHlly betm 
eliminat-ed in the iuodern designs, 
which have a greater thickness of por¬ 
celain at this point. 

Figures 75 and 76 illustrate typical 
pin-type insulators made by R. 

Thomas and Sons of East Liverpool, 

Ohio. Figure 77 is one of the high- 
voltage designs of the Locke Insulator 
Corporation of Baltimore, Md. The leading particulars of these 
insulators, as furnished by the makers, are as follows: 



Fig. 77.—Pin-type insulator for 
60,000 volts. 



Fig. 7.') 

Fig. 7r. j Fig. 77 

Normal rating (line pressure), volts 
Dry arc-over, volts . 

27,000 
i 89,000 
54,000 
12.0 
6.0 

50,000 

1 155,000 

102,000 

1 28.0 

! 22.3 

1 

60,000 

175,000 

120,000 

30.0 

25.0 

Wet arc-over, volts. 

Leakage distance, inches. 

Net weight, each, pounds. 


The sphere gap is used in the measurement of the arc-over 
wltages. 

76. Suspension-type Insulators.—With the suspetuion type 
of insulator, the conductor is hung below the point of support 
(which is usually grounded) at the end of a string of insulator 
units connected to one another by metal links. The potential 
difference which will cause a flash-over or breakdown on such 
a series of insulators will not be in direct proportion to the number 
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of insulators in the string. This is due to the unequal distribu¬ 
tion of the potential differences, which is again a question of 
relative capacities. The design of the individual units may 
appear to be good, and yet a string of such insulators, if these are 
not specially designed to fulfil certain requirements, may give 
surprisingly unsatisfactory results. A factor of importance is the 

mutual capacity i i j . • x x* i j* x • 

ratio ——TT— ~r— -which determines the potential distri- 

capacity to ground 

bution; and this ratio will depend not only on the shape and size 
of the porcelain units, but also on the metal caps or means of 
attachment, and the spacing between units. 

A modern design of suspension-type insulator is shown in Fig. 
78. This is one of the types made by the Locke Insulator 



Fig. 78.—Unit of suspension-type Fio. 79.—Suspension type 

insxilator. insulator. 


Corporation. It weighs 103-^ lb., is fitted with the ball and 
socket form of attachment, and has a guaranteed mechanical 
strength of 9,000 lb. The electrical performance of these insula¬ 
tors is not guaranteed by the manufacturers because the test 
pressures (wet and dry) will depend upon the conditions under 
which the insulator is used, including the number of units in a 
string, whether or not guard rings are used or metal shields to 
equalize the potential distribution, and similar considerations. 

A type of suspension insulator made by R. Thomas and 
Sons is illustrated in Fig. 79. The weight of the single unit is 
12 lb.; the dry flash-over is 84,000 volts, and the wet flasb^ver, 
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48,000 volts. The flash-over voltages for strings of these insu¬ 
lators, as given by the manufacturers, are as follows: 



kilovolts 

Wet, 

kilovolts 

String of 3 units. 

194 

118 

String of 5 units. 

290 

188 

String of 7 units. 

380 

260 



A string of Hewlett insulator units, as manufactured by the 
Locke Insulator Corporation is shown in Fig. 80. The assembled 
insulator is suitable for ust- on a l32,CfX)“Volt line and includes 

a I eing horns at top and grading shield 
at line potential. The manner in 
which this grading shield tends to 
equalize the drop of potential across 
the individual units in the string will 
be explained in the following article. 
The link type of unit was originated 
by E. W. Hewlett mainly with the 
object of having the porcelain in com¬ 
pression instead of in tension as in the 
cap-and-link type of suspension unit. 
Another advantage claimed for it is 
that it will stand without damage 




Fjo. 80 .—Hewlett type sus- Fig. 81 .—Jeffery-Dewitt suspension 

pension insulator with arcing insulator unit, 

horns and grading shield. 

sudden changes of temperature. It may be immersed in boiling 
water and transferred to ice water and back again a number of 
times without injury. 

Figure 81 shows a section through a single unit of the suspen¬ 
sion insulator manufactured by the Jeffery-Dewitt Insulator 
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Company of Kenova, W. Va. The special features of this design 
are (1) thick porcelain, to resist puncture and the shattering 
effects of power arcs, and also breakage during transit and mali¬ 
cious breakage by shots or stones; (2) a pressed-steel spider- 
anchored in small coiTugated holes by a resilient alloy which is 
unaffected by changes of moisture. It is claimed for this insu¬ 
lator that it will stand great changes of temperature much better 
than the cap-and-pin type of unit in which failure has freqently 
occurred through cracks in the porcelain caused by unequal 
expansion of the porcelain, cement, and metal clamps. The test 
by repeated transfer from boiling to ice-cold water, referred to in 
connection with the Hewlett insulator, can be made on the 
Jeffery-Dewitt unit without injury to the^ porcelain. 



Fig. 82.— New design of suspension insulator unit. 

A new design of suspension insulator has recently been devel¬ 
oped by Prof. Harold B. Smith. ^ The use of porcelain is avoided, 
and two metallic terminal members, shaped to provide the 
required flux distribution, are joined by a single insulating 
mechanical strain member of treated wood or other suitable 
material. The dimensions of a single unit suitable for a working 
pressure of 110,000 volts are given in Fig. 82. This design is of 
particular interest because it is based upon a thorough under¬ 
standing of the fundamental principles which determine flux dis¬ 
tribution in the dielectric circuit, whereas the porcelain insulator 
was, until recent years, experimentally developed without much 
attention being paid to the theory underlying the distribution of 
the dielectric field within and around the insulator. At the 
1 Tranaactione A.I.E.E., 1924, Vol. 43, p. 1268, 
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present time this theory is well understood; but, nevertheless, 
porcelain is not an ideal material for the insulation of overhead 
lines, and every serious attempt to avoid its use should be care¬ 
fully investigated. By the proper shaping of the metallic 
terminal members. Professor Smith has been able to place the 
single insulating member in what he calls a hollow electric field, 
that is to say, a field surrounded symmetrically along its axis by 
a stronger field of higher average and maximum potential 
gradient. Any arc due to overvoltage will, therefore, strike 
between the lower metal ring and the edge of the upper metal 
hood, thus avoiding the insulating strain member at the center 
of the ''hollow'’ field. 

76. Potential Distribution over String of Suspension-type 
Insulators.—A string of suspension-type insulator units may be 
thought of as a succession i>f metal parts separated by insulating 
material. The distribution of the potential drop between succes¬ 
sive metal connecting pieces will depend upon the electrostatic 
capacities of the condensiu’s formed by these metal parts and (1) 
the neighboring metal parts in the chain of insulators, (2) the 
earth or grounded supporting structure, (3) the high-tension 
conductor. Assuming for the moment that the capacities (2) 
and (3) are negligible, it is necessary merely to consider the 
simple case of a number of condensers in series between the high- 
voltage line and the (grounded) point of support, in which case 
the potential difference across each unit in the chain would be 
inversely proportional to the capacity of the individual unit. If, 
therefore, all the units in the chain were of the same size and type, 
there would be a uniform drop of potential along the string, 
provided the capacities to ground and to the high-tension conduc¬ 
tor were negligible. It is only in rare instances that it is permis¬ 
sible to neglect the effect of these capacity currents which are in 
parallel with the main condenser current passing through the 
series of insulator units; but in order to simplify the problem, con¬ 
sider, in the first instance, only two capacities; namely, (1) 
that of the insulator unit itself (dielectric usually porcelain) and 
(2) that formed by the connecting metal work and ground 
(dielectric air). 

Example 20. Potential Distribution over Four^unit String of 
Suspension Insulators ,—The metal work (cap and link or bolt) on 
each side of the porcelain disc constitutes one terminal of a con¬ 
denser which has a capacity C farads relatively to ground or 
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grounded tower, and a capacity mC relatively to the metal work 
(cap and link or bolt) on either side of the porcelain disc. This is 
shown diagrammatically in Fig. 83 where a, 6, and c are imaginary 
condensers, each of capacity C farads, between the ground and 
the insulating metal caps, etc., while the condensers of capacity 
mC farads, formed by each individual unit, are numbered (1), 
(2), (3), and (4). The effects of surface leakage and corona will 



Fio. 83.—Diagrammatic representation of 4-unit suspension type insulator. 


be neglected. The former would tend to equalize the potential 
drop across the insulator units, while the latter—in addition to 
causing actual leakage losses through the air—might alter the 
capacity of the units subjected to the higher pressures. No 
error of appreciable magnitude is likely to be made by neglecting 
these items. 

Assuming the voltage across the unit nearest to the grounded 


cross-arm to be J?i == 10,000 volts, and the ratio 
to be m = 10, write 


mutual capacity 
capacity to ground 


El = 10,000 volts 
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The capacity current^ for condenser (1) is 

11 = 2TfEi{mC) = oj X 10,000 X 10 X C 
Similarly = 27rfEiC = w X 10,000 X C 
whence 

I 2 = (/i + la) = coEi(m + 1)C = CO X 10,000 X 11 X C 
and 

E 2 = = El = 11,000volts 

Ib = o)(Ei + E2)C 

whence 

Iz = (I 2 *4“ Ib) ®= (x[E-i(m 2) “f* E2]C = CO X 131,000 X C 
and 

B, . £,(^) _ 10,000 X . 13,100 volte 

- u{Ei + £2 + Ei)C 

whence 

I, = (/, + Jo) = 4Eiim + 3) + 2Ei + E»]C = a. X 165,000 X C 
and 

E. - £.(';) - 10,000 X - 16,510 volte 

^ Assuming a sine-wavo of improssed o.m.f., it is easy to calculate the 
charging current of a condenser of known capacity. The fundamental 
law of the dielectric circuit is 

^ = E^^r,. X C (78) 

where ^ is the maximum value of the dielectric flux, expressed in coulombs; 
Einmx. is the maximum value of the alternating voltage; and € is the capacity 
(or permittance) of the condenser, expressed in farads. 

The charge, or quantity, of electricity, i.e.^ the dielectric flux, will reach 
its maximum value 'i' at the instant when the charging current is changing 
its direction, that is to say, when the current is zero, and, since quantity of 
electricity == current X time^ write ^ ~ average value of charging current 
(in amperes) during one-quarter period X time (in seconds) of one-quarter 
period 



where L stands for the virtual or r.m.s. value of the charging current, on 
the sine-wave assumption. Let E stand for the virtual value of the voltage 
across the condenser of capacity C farads, then Emax. = y/'ZE^ and formula 
(78) becomes 

= V2E X C 

4ir/ 

whence 

Ic « 2xfEC 

which is the well-known formula for calculating capacity current when 
sinusoidal wave shapes are assumed. 
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The total potential difference across the string of four insulators 
is, therefore, not AEi = 40,000, but E ^ E\ E^ E^ Ar Ea 
50,610 volts. 

The stress across the insulator (No. 4) nearest to the high- 
tension conductor is E^ = 10,510. Assume that it will flash over 
with twice this pressure, or 2Ea = 33,020 volts; then the pressure 
which will start a flash-over across the string of four insulators 
is 2Ej or 101,220 volts, which is less than four times 2 ^ 4 , or 132,080 
volts. 

The fact that the ratio {m) of the mutual capacity to the capac¬ 
ity between the suspension link and ground is an important 
factor in determining the distribution of potential over the insula¬ 
tor string suggests the importance, not only of the shape and 
surface area of the metal fixtures on the individual insulatoi*s, 
but also the length of the connecting link, or spacing between 
insulators. 

When the mutual capacity is small compared with the ground 
capacity, there soon comes a point beyond which it is useless to 
put more insulators in the string. Short strings, of well-designed 
and properly spaced units, will often be more effective and less 
costly than a longer series of insulators of which the single units 
may have excellent insulating properties, but may not have 
been specially designed for the particular requirements. It is 
sometimes possible to increase the arc-over voltage of a string of 
insulators by reducing the distance between consecutive units; 
a fact that it is difficult to understand unless the importance of 
the proper capacity distribution has been realized. 

Example 21. Effect of Varying Ratio between Series and Parallel 
Capacities, —In the preceding numerical example, the ratio m = 

. was taken as 10. It will be of interest to plot 

capacity to ground 

a set of curves showing how the potential distribution is affected 
by changes in this ratio. Assume for this ratio the values 
m = 1, m = 10, and m = 100, and plot curves for a string of five 
units, showing the percentage potential drop measured from the 
(grounded) point of suspension. 

Following the method used in calculating the numerical values 
of the potential drop across successive units in Example 20, 
it is possible to express these potential differences in terms of the 
voltage El across insulator No. 1 (at the grounded end of the 
string) and ratio m between the series and shunt capacities as 
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shown diagrammatically in Fig. 83. The calculated values are 
as follows: 

= eI I + 

\ m/ 



Substituting for m the assumed values m = 1, ni = iO, 
7)1 = 100, and also 7n — infinity, values as tabulated below are 
obtained for a total potential difference of E — 100 across the 
string of 5 units. 



Ex 

Ei 

^Ez 

Ei 

Ez 

E 

m = 1. 

1.82 

3.6.3 

9.10 

23.65 

61.8 

100 

7tl == 10. 

13.85 

15.25 

! 18.1 

22.9 

29.9 

100 

m = 100. 

19.2 

19.4 

19.8 

20.4 

21.2 

100 

W = 00. 

20 

20 

20 

1 

20 j 

20 

100 


These calculated values have been used for plotting the curves 
of Fig. 84 which show very clearly how the capacity between the 
metal connecting links and ground is the cause of unequal dis¬ 
tribution of the potential drop along the string of insulator units. 
The assumption of iji = 10 yields results approximating to those 
obtained in practice with units of the type shown in Figs. 78 and 
79, but the curves of Fig. 84 do not quite correctly represent 
practical conditions since the calculations take no account of 
capacity between the metal work of the insulators and the high- 
tension conductor. Owing to the smaller capacity of the Hewlett 
type of insulator and the relatively greater capacity between the 
connecting metal work and ground, the inequality of the pressures 
across individual units of a string as illustrated in Fig. 80, but 
without the static shield below the bottom unity would be more 
marked than in the case of the cap-and-pin type of xmit. 

Since a uniform pressure drop is desirable, and this condition 
could be obtained with a series of similar units, provided the 
shunted capacities (a), (6), (c) of Fig. 83 could be eliminated, it is 
obvious that if the metal connecting-pieces were to be replaced by 
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connectors of some insulating material having sufficient mechani' 
cal strength, a uniform distribution of voltage along the string 
would result. This construction is advocated by L. Perrin and 
E. Piernet^ who have produced suspension insulators having a 
strength of about 6,000 lb. with non-metallic connecting pieces 
between the porcelain elements. 



Fig. 84,—Curves illustrating Example 21. 


Grading by Determining the Capacity of Each Unit According to 
Its Position in the String. —The diagram Fig. 85 represents a 
string of suspension insulator units in which the capacities (a)) 
(c), etc. between the connecting metal work and ground are 
d'Jlec., pp. 71&-720, May 13,1922. 
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all supposed to have the same value C, The capacity of unit 
No. 1 (at the grounded end of the string) is mC, and it is proposed 
to determine the capacities of the other units in the string which 
will cause the potential across each unit to be the same. The 
effect of the capacities between the connecting links and the 
high-tension line will be neglected. 



Fig. 86.—Diagram of suspension type insulator with equal potential drop 

across units. 


Ijet e stand for the voltage across each unit; then the condition 
to be satisfied is that Ei = Ei — . . . = En — e. 

The capacity current through the condenser formed by unit 
No. 1 is 

Ii — uemC 

The currents through the condensers (a), (6), (c), etc. are 

la = weC 
h = a>(2c)C 
r. = ia(Se)C 
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and so on, the increase of current being simply proportional to the 
distance of the unit from the grounded end of the string. 

The currents through the successive units must be 

/o = /i + la 

= 7] + /« + /b = /l + (1 + 2)7a 

7.1 = 7i + 7a + 76 + 7r = 7i + (1 + 2 + 3)7a 

and so on, which leads to the gcuieral expression 

7n = 7i + [1 + 2 + 3 + . . . + (/i — l)]7a 

= o^eniC + oye[l + 2 + 3 + . . . + (/^ - l)]C 

The required capacity of the unit is obtained by dividing 
the current by 27r/ times the voltage across the condenser, or by 
coe, whence 

Capacity of unit = rnC + [1 + 2 + 3 + . . . + (n — 1)]C 

As an example, if m = 10, the capacities of the several unit 
insulators to produce uniform potential drop over the whole 
length of the string would have to be as follows: 


First unit. IOC 

Second unit . IIC 

Third unit. 13C 

Fourth unit. 16C 

Fifth unit. 20C 

Tenth unit. 55C 


Thus, for this particular value of the ratio and assuming the 
capacity currents between high-tension line and connecting links 
to be negligible, it is seen that the capacity of unit 5 should be 
twice that of unit 1, and if the string consists of 10 units, the 
capacity of the unit nearest to the high-tension conductor should 
be five and a half times that of unit 1. 

The objection to this method of grading suspension insulators 
is that a number of different kinds or sizes of unit must be carried 
in stock, and mistakes are likely to be made when units have to 
be replaced. Without altering the thickness of the porcelain 
dielectric between the metal attachments, the capacity of the 
unit is easily changed by varying the area of the metal surfaces 
in contact with one or both sides of the porcelain disc: but fairly 
satisfactory results may be obtained by using two or three differ¬ 
ent types of suspension unit in the same string. F. Buske^ has 
obtained good results by building up strings of 10 units with 
three cap-and-pin-type (large capacity) units near the line end of 

1 Electrateck, Zeit.^ May 12, 1921. 
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the string, the remainder being Hewlett-type (small capacity) 
units. 

Grading by Means of Static Shields ,—In the preceding discus¬ 
sions, the effect of the high-voltage line conductor upon the 
potential distribution in a line of suspension units has been 



Fui. 86.—Illustrating cfTert of static shield on string of suspension type insulator 

units. 

neglected. Ordinarily this effect is much smaller than that 
caused by the proximity of the grounded tower and the very 
large surface of the ground itself; but if attachments known as 
static rings or shields are provided, the effect of the high-tension 
conductor upon units other than the one to which it is connected 
may be increased to any desired extent. The diagram Fig. 86 
shows that the static shield will have an appreciable effect upon 
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the distribution of the capacity currents and, therefore, upon 
the potential gradient. Assuming that all the units in the string 
are of the same type and size and that not only the capacities (1), 
(2), (3), etc. are equal, but also that the capacities (a), (6), (c), 
etc. to ground are equal, determine the necessary capacities (A), 
(B), (C), etc. of Fig. 86 which will produce uniform potential drop 
over a string of n units. 

The currents through the units are 

Jg = 7i + 7^ —* 7 a 

I 3 = 72 + 7 ^ — Ib 

and so on; but in order to satisfy the condition = £?2 = • . • 

En = By there must be the same current through all the units 
(which are assumed to have the same capacity), whence 

IA = la 

Ib = hy etc. 

or if C stands for any one of the (equal) capacities (a), (6), (c), 
etc., 

w(n — VjeC A = 

03{n — 2)eCB = 03(2e)C 

and so on, which leads to the general expression 

Cm = (n - 1)C 

where Cm stands for the capacity between the static shield and the 
metal work connecting the insulator with the unit immedi¬ 
ately above it. The proper shape of shield has to be developed 
experimentally; but by this method, or a combination of the 
several methods of grading which have been referred to, it is 
possible to control the potential distribution over a string of 
insulators of any practical length. A shield of elliptical shape, 
of which a side view is shown in Fig. 80, has been found to give 
very satisfactory results in practice. There should be no diffi¬ 
culty in transmitting at pressures appreciably in excess of 220,000 
volts with properly graded strings of suspension-type insulators, 
even if there should be no radical change in the design of the 
insulator units. 

Figure 87^ shows the combination of different types and sizes 
of insulator unit, together with grading shield over the lower unit, 
as used on the 220,000-volt Pitt River line of the Pacific Gas and 
Electric Company. 

1 Reproduced by permission from the Elee, Worlds Jan. 27, 1923. 
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The proper sizes, types, and arrangement of insulator units and 
static shields in a suspension insulator for high-voltage transmis¬ 
sion, as illustrated in Fig. 87, must necessarily involve a good deal 
of experimentation because the various capacities to be considered 
in the calculations are not known exactly, and they de|>end, 
moreover, upon the position and method of attachment of the 
insulator relative to the supporting structure. This does not 
mean that the proper understanding of the principles determining 



Fig. 87.—Suspension type insulator with units of diffei-ent sizes. 

the voltage distribution over a string of insulator units is unneces¬ 
sary, because, although a suitable insulator might, with good 
luck, result from extended and costly trials with various combina¬ 
tions of parts, the problems of high-voltage line insulation cannot 
be solved efficiently except through the thorough understanding 
and intelligent application of the principles which have been 
referred to and briefly discussed in this article. 

77. Manufacture of Porcelain Insulators. Mechanical 
Strength. Porosity.—Since an appreciable amount of space has 
been devoted in preceding articles to the discussion of the proper 
shapes of porcelain insulators and the relative positions of the 
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several units entering into the design of multiple-part insulators, 
it might be supposed that the manufacturer is concerned mainly 
with the form into which the porcelain should be molded. Actu¬ 
ally it is with improvements in the material itself that the manu¬ 
facturer has been chiefly concerned in his effort to produce a 
porcelain of high insulating qualities which will be sufficiently 
strong mechanically to withvStand the heavy loads to which it is 
submitted in practice, and capable of withstanding without 
deterioration the severe weather conditions, involving frequent 
changes of temperature and humidity, to which it is subject. 

The solution of these problems involves a profound study of 
ceramics and considerable experience in the manufacture of porce¬ 
lain. All that need be said here is that great improvements have 
been made in late years in the production of non-porous porcelain 
of increasing mechanical strengtii. Porcelain as used for line 
insulators has a strength of about 40,000 lb. per square inch in 
compression and 1,500 lb. per square inch in tension; but special 
mixtures have been produced with a strength as high as 65,000 
lb. per square inch in compression and 12,500 lb. per square inch 
in tension.^ 

Since porcelain is a material which has no appreciable deforma¬ 
tion before rupture under mechanical stress, the finished insulator 
may be tested without fear of injury with loads not very much 
smaller than the ultimate breaking load. The fact that porcelain 
insulators are now made which can stand sudden changes of 
temperature of 100°C. without developing cracks has already 
been mentioned, and future improvements in the development of 
porcelain bodies will be such as to eliminate if possible the causes 
of the deterioration observed in many insulators after erection. 
There is also a need for some reliable means of detecting faulty 
insulators before they leave the factory. Present methods of 
testing insulators before erection will not be discussed here. 

The ultimate strength of modem suspension-type insulators is 
usually between 8,000 and 9,000 lb., a suitable working load for 
such units being from 2,000 to 3,000 lb. Extra-strong units for 
dead-ending purposes or for taking the pull at comers are made 
with an ultimate strength of 14,000 to 16,000 lb. suitable for 
working loads of 4,000 to 4,500 lb. There is even a design of 
high-strength 10-in. unit which is suitable for a working load up to 
6,000 lb. 

^ Peaswbk, W. D. a., in Tram. A.I.E.E., vol. 39, part 2, p. 1179. 
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78. Factors of Safety. Elimination of Faulty Insulators.— 

When selecting insulators and deciding upon the spacing and 
arrangement of conductors suitable for a given voltage, the factor 
of safety to cover abnormal pressure rises is a matter of great 
importance, since it is obviously bad engineering to provide 
insulation in excess of what experience has shown to be a reason- 
able safeguard against interruption of service. Generally 
speaking, the insulators should, when dry withstand a pressure 
test of two and a half to three times the working pressure to 
ground, applied for 5 minutes, and a wet test of not less than 
twice the working pressure. Has would sometimes be considered 
too small a margin of safety; but the ratio between the test 
pressure and woi’king pnjssiire will depend upon whether the 
line voltage is high or low. Overvoltages due to lightning are 
about the same whatever may be the operating voltage of the 
line, and the factors of safety used in the selection of insulators 
for low-voltage lines should, therefore, be much higher than for 
high-voltage lines. OV^viously, there are economic limits to the 
amount of insulation which would be justified on transmission 
lines for comparatively low voltages, and the result is that inter¬ 
ruptions and troubles of all kinds caused by lightning are much 
more frequent on lines operating at pressures between 22,000 
and 66,000 volts than on the recently erected 220,000-volt 
lines, and even on 110,000-volt lines. The following safety factor's, 
representing ratio between wet-test pressure and working pressure, 
are generally in accordance with usual practice; but the engineer 
should use his judgment in a matter of this sort. It is clear that, 
on the coast, where gales and salt sea mists are prevalent, the 
factor of safety should be rather higher than in a district where 
the climatic conditions are more favorable. The effects of high 
altitude—^to be referred to later—must also be taken into account. 


Working pressure, voltage between line 
wirca 

Factor of safety, 
wet test 

22,000 


44,000 


66,000 

234 

88,000 

2 

110,000 and above 

to2 


As the wet or ^‘rain^^ test will give different results, depending 
on the method of conducting the test, there should be a clear 
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understanding between the purchaser and manufacturer on this 
point. A very common specification is that the spray shall be 
directed at an angle of 45 deg. under a pressure of 40 lb. per 
square inch at the nozzles, the flow being regulated to give a 
precipitation of 1 in. in 5 minutes. The method of attaching 
test wire and ground connection to the insulator should also be 
clearly defined. The test pressure is usually measured by means 
of the sphere gap. 

Effect of Altitude .—The insulators on a transmission line 
erected at high altitudes will flash over with a lower voltage than 
if the line were erected at sea level. The reason for this is the 
reduced air pressure at the higher elevation. The flash-over 
voltage will not be exactly proportional to the barometric pres¬ 
sure because the electrostatic field is not uniform, but depends 
upon the type and design of the insulator. Mr. Peek gives some 
results of experimental work on various standard designs of 
insulator in his book “ Dielectric Phenomena previously referred 
to; but since the departures from the theoretical relation for 
uniform dielectric fields is very small, the correction for altitude 
can safely be made by assuming the flash-over voltage to be 
directly proportional to the barometric pressure. 

As an example: Suppose the flash-over voltage of a pin-type 
insulator is found to be 100 kv, on test at sea level; then, if 
used on a transmission line erected at an elevation of 8,000 ft., 
it would be likely to flash over wdth a pressure of only 100 X 
22 

= 73.5 kv. (The proportional figures are the approximate 

JiiJ M 

barometric pressures in inches of mercury at an altitude of 8,000 
ft. and at sea level.) 

Detecting Faulty InsulcUors while Line is in Operation ,—A 
matter which is now receiving attention, but is not settled 
or standardized, is the best means of detecting faults in insulators 
while in use. It is only of recent years that accurate data on the 
‘Tife^’ of high-tension insulators are becoming available; and 
the continued action of alternate heat and cold, dryness and 
dampness on the porcelain—or rather on the complete assembly 
of porcelain, metal, and cement—^is found to necessitate a large 
percentage of replacements after a line has been in operation 
many years. 

causes of rapid deterioration—especially after several 
years of service—are being inv^tigated and eliminated as far 
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as possible in the later designs; but in the meanwhile, lines 
that have been in use for a considerable time are giving trouble 
in the matter of insulation, involving increasing vigilance and 
activity on the part of the operating staff. There is room for 
improvement in the methods now available for detecting incipient 
faults in line insulators without interrupting the supply or dis¬ 
connecting insulators from the live wires. The so-called ^^buzz- 
stick method as used for locating defective insulators is 
described by T. F. Johnson, Jr. in the Electricat World, Sept. 13, 
1919.^ This method and also the '^spark-stick” method of 
detecting defective insulatoi’s while the transmission line is in 
use, are referred to by Prof. H. J. Ryan in the Electrical World, 
Jan. 31, 1920.^ Results of megger tests made on suspension 
insulators on the Great Western Power Company's lines since 
1908 are given by C. F. Benham in a paper published in the 
Transacliom A.I.E.E.^ The investigation seems to indicate 
that expansion stresses due to temperature changes have been 
the cause of more failures than porosity of the porcelain. 
Standard insulator designs of the present day appear to with¬ 
stand the severe conditions of service very much better than 
the insulators of 10 or 15 years ago. 

79. Spacing of Overhead Conductors.—It is difficult to lay 
down rules for the proper spacing of overhead conductors. The 
question has been settled in the past by the individual engineer 
who has usually striven to be "on the safe side^^ in the matter 
of possible discharges between wires under abnormal condi¬ 
tions such as strong and variable winds. The result is that great 
differences are to be found in the wire spacings in different coun¬ 
tries and on different transmission systems in the same country. 

The spacing of the conductors should be determined by consid¬ 
erations partly electrical and partly mechanical. With the longer 
spans, the spacing should be greater than with short spans, 
apart from voltage considerations. The material and diameter 
of the conductors should also be taken into account when decid¬ 
ing upon the spacing, because a small wire—especially if of alumi¬ 
num—having a small weight in relation to the area presented to a 
cross-wind, will swing out of the vertical plane farther than a 
conductor of large cross-section. Usually wires will swing 

1 Vol. 74, p. 568. 

a Vol. 75, p. 255. 

» Vol. 42, p. 981. 
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synchronously in a wind; but with long spans and small wires, 
there is always the possibility of the wires swinging non-syn- 
chronously, and the size of wire, and also the maximum sag 
at center of span, are factors which should be taken into account 
in determining the distance apart at which they shall be strung. 
A horizontal separation equal to something between one and 
one and a half times the sag at the temperature corresponding to 
the season of highest wind velocities should be sufficient to pre¬ 
vent wires swinging within sparking distance of each other, the 
closer spacing being used with copper conductors of large 
diameter. 

Formulas have been published purporting to give spacings 
based on data obtained from existing transmission lines, but these 
formulas usuall}^ fail to take account of span length. It is obvious 
that the spacing between conductors at a given line pressure 
should be greater with long span lengths than when the distance 
between supports is short. This does not mean that the spacing 
between conductors should be varied with every change in span 
length, but a formula representing the usual spacings under given 
conditions should take account of the average length of span. 

The following formula gives the approximate separation 
between overhead conductors in inches: the symbol I stands for 
the average span length in feet, and kv. is the line pressure between 
conductors in kilovolts. 

)' (87) 

This formula may be used as a guide in arriving at a suitable 
value for the horizontal spacing for any line voltage and for spans 
between 200 and 1,100 ft. The vertical spacing may be from three- 
quarters to two-thirds of the horizontal spacing, but it is usually 
undesirable to suspend wires in the same vertical plane, especi¬ 
ally in locations where sleet and ice deposits are likely to occur. 

Clearance between Conductor and Pole or Tower .—If the distance 
in inches, between the high-voltage conductor and the (grounded) 
metal work of the supporting structure is not less than 5 + 0.35 
kv. this will be generally in accordance with what experience 
has shown to be a suitable clearance. The symbol kv. stands for 
the transmission pressure, in kilovolts between lines, and not 
between line and ground. 

In the case of suspension-type insulators, it is well to arrange 
for the clearance, even under conditions of greatest deflection 


kv / 

Distance between conductors (inches) = 20 + + y 


.120 
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caused by high winds, to be not less than the sparking distance 
over the string of insulator units. 

Clearance above Ground .—It is customary to allow a distance 
between ground and the nearest point on the high-tension over¬ 
head conductors of not less than 20 ft. A minimum clear¬ 
ance of 22 to 24 ft. is often specified. When the voltage is very 
high, as on the recent 220,000-volt lines, a minimum clearance of 
30 ft. between wire and ground is usual. Even on the lower volt¬ 
ages, when the height above ground is about 22 ft, where the wires 
are carried over fields or open country, a minimum clearance of 
about 30 ft. is often specified for important railway or road cross¬ 
ings or in towns and villages. 



CHAPTER IX 


ELECTRICAL PRINCIPLES AND CALCULATIONS 

80. Resistance of Transmission Lines. Variation with Tem¬ 
perature. —The effect of line resistance on transmission losses was 
referred to in Arts. 1 and 4 of Chap. I, and a numerical example 
was worked out, showing how the voltage drop and line efficiency 
of a d.c. transmission depend upon the conductor resistance. In 
Art. 8, the three-phase transmission line was considered, and the 
manner in which conductor resistance determines the percentage 
power loss on any polyphase system was discussed in Art. 9. 
The physical characteristics of conductor materials were dealt 
with in Arts. 37 and 38 of Chap. IV, and the wire table on page 81 
may be used for calculating the resistance of transmission lines. 
This table gives resistances which are approximately correct at a 
temperature of 68°F. (20°C)., and the proper correction must be 
applied to determine the resistance at any other temperature. 
The change of resistance of metallic conductors with temperature 
is approximately according to a straight-line law within certain 
limits of temperature variation. Thus, if 100a stands for the 
percentage increase of resistance per degree Centigrade rise above 
a given temperature at which the resistance is known, 

Rt = Ro{l + at) (88) 

where Ro = resistance at the initial temperature. 

t = temperature rise above initial temperature. 

Ri = resistance at the higher temperature. 

When t is measured in degrees Centigrade, and Ro is the resis¬ 
tance at 0°C., the value of a for all pure metals is about 0.00425. 
This coefficient, is known as the ‘^temperature coeflBcient of 
resistance at The relation expressed by formula (88) is 

represented graphically in Figs. 88 and 89 where the straight lines 
giving the relation between resistance and temperature for copper 
and aluminum are seen to meet the zero resistance ordinate at 
the point A . The distance OA in Fig. 88 is obtained by putting 
= 0 in formula (88), whence 

0 « J®. (1 + 0.00426«) 

234 
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K OA) 0.00425 235“C. 

This temperature is generally known as the ^'inferred absolute 
zero/^ Suppose the resistance of an aluminum conductor is 
known to be Ri ohms at a temperature of it will be seen 

from an inspection of the similar triangles in Fig. 88 that the 
resistance at some other temperature (2 will be 

where h and (2 are the temperatures in degrees Centigrade. 




Figs. 88 and 89.—Diagrams illustrating relation between resistance of pure metals 

and temperature. 


When temperatures are read on the Fahrenheit scale, the 
multiplying ratio must be obtained from Fig, 89 in which the 
''inferred'' absolute zero is 


— [(235 X = -~390°F. (approximately) 

and the formula for temperature correction of resistance is now 


where ii and are temperatures in degrees Fahrenheit. 
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Example 22. Change of Resistance with Temperature .—A 
stranded copper conductor of 300,000 circular mils cross-section 
carries a current of 140 amp. Required the PR losses in a 10- 
mile length of this conductor at a temperature of — 20°F. 

The length in feet is 10 X 5,280 = 52,800. 

The resistance in ohms per 1,000 ft. at 68°F. (taken from the 
table on p. 81) is 0.192, whence the resistance of the conductor 
at68®F. isO.192 X 52.8 = 10.15 ohms. By inspection of Fig. 89, 
the ratio of the resistances is seen to be 

ie_2o _ ^BC (390 - 20) 

R,, 10.15 DE AD (3^+68) 

whence 

1 ^( 39 ( 77 : 1 - (•§) == 8.2 ohms 

which is, of course, the result obtained by using formula (90). 

The total PR losses at a temperature of -~20°r. are, therefore, 
(140)2 X 8.2 = 160,700 watts. 

The inferred absolute zero, as given on the diagrams Figs. 88 
and 89, is approximately correct for copper-clad steel conductors. 
It may also be used in calculating the resistances of commercial 
iron and mild steel wires or cables for ranges of temperature 
between —20 and +40°C., but the mean temperature coefficient 
for iron when taken over a greater range of temperature is not the 
same as for copper and aluminum: moreover, it will depend largely 
upon the quality of the iron wire. For very pure iron, the 
temperature coefficient of resistance referred to 0°C. (being a 
in formula (88)) is about 0.0063 over a range from 0 to 100°C., 
while hard steel has a temperature coefficient at 0°C. of about a = 
0.0016 for a range between 0 and 35°C. 

Skin Effect. —Imagine a straight length of cable of fairly 
toge cross-section, through which a steady continuous current 
is flowing, the return circuit being a considerable distance away. 
The magnetic induction due to this current will not be only in 
the non-conducting medium surrounding the wire, but a certain 
amount—due to the current in the central portion of the cable— 
wiU be in the substance of the conductor itself. In other words, 
the magnetic flux surrounding one of the central strands of the 
cable will be greater than that which surrounds a strand of equal 
length situated near the surface. It follows that if the circuit 
be now broken, the current will die away more quickly near the 
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surface of the conductor than at the center; and, for the same 
reason, on closing the circuit again, the current will spread from 
the surface inward. 

If, now, the conduccor be supposed to convey an alternating 
current, it is evident that, with a sufficiently high frequency 
(or even with a low frequency if the conductor be of large cross- 
section), the current will not have time to penetrate to the 
interior, but will rcvside chieflj'' near the surface. This crowding 
of the current toward the outside portions of the conductor 
has the effect of apparently increasing the resistance; and it 
follows that if 1 is the total current in a cable of ohmic resistance 
/i, the powei lost in watts would no longer be PR, as in the case of 
a steady current, but /-/?', where R '—which stands for the 
apparent resistance of the conductor—is k times greater than 
R, its true resistance. The multipHel^ k may be read off the 
diagram Fig. 90, or if preferred, it can be calculated by means of 
the formula 


1 +_\/i + 

. 2 . " 


(91) 


where F is a factor proportional to the vertical distances on 
the diagram, that is to say, to the quantity area of cross-section 
X frequency. The value of F for copper is 

F - 0.0105Pf 

and for aluminum, 

F = 0.0063^2/ 

where d is the diameter of the conductor in inches, and / is 
the frequency in periods per second. This formula and the 
curves of Fig. 90 are based on the assumption that the return 
current is at an infinite distance; but this assumption introduces 
no appreciable error when dealing with overhead transmission 
lines. 

It will be observed that so long as the product d-/ remains 
unaltered, the multiplier k is constant provided the material 
remains the same. Thus if, when doubling the frequency, 
the sectional area of the (circular) conductor is halved, the 

.. resistance to alternating currents . , 

ratio —r-r- 7 -rr-- 7 " remains unaltered. 

resistance to continuous currents 

In regard to the material of the conductor, the value of F 
in the formula is directly proportional to the specific conduc¬ 
tivity of the metal so long as the frequency remains constant. 
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Thus if F (or the value of the ordinate in the diagram, Fig. 90) 
is known for a conductor of given diameter, made of copper, its 
value for any other ^^non-magnetic’^ material is given by the 
ratio 

conductivity of metal of co nductor 
conductivity of copper 



Skin Effect" Multiplier (&) 


Fia. 90,—Diagram giving “skin effect*' coefficient for circular wires. 

If the conductor is of iron (cur other ^^magnetic'^ material), 
the value of k may be much greater than this ratio would indicate. 
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It is a not uncommon belief that when aluminum conductors 
are used in place of copper, the larger diameter necessary to 
give the same conductivity will lead to a greater loss through 
^^skin effect’’; but the above multiplying ratio makes it clear 
that the percentage increase of losses with alternating currents 
of the same frequency will be independent of the material of 
the conductor (iron excepted), because the greater sectional 
area necessary to maintain the same ohmic resistance of the 
lines when a wire of lower conductivity is used is evidently 
exactly balanced by the higher specific resistance of the 
metal. 

The development of exa^-^t formulas for the ‘‘skin-effect” 
qaultiplier will be found in IL B. Dwight’s “Transmission Line 
Formulas.” 

Inductance of Transmission Lines.—For the purpose of 
calculating the flux of induction outside a straight cylindrical 



Fig. 91.—Flux surrounding single conductor of circular cross-section. 


conductor, it is permissible to assume that the current is con¬ 
centrated on the center line of the wire. The lines of magnetic 
induction surrounding a long straight wire carrying an electric 
current of which the return path is at a considerable distance 
will be in the form of circles concentric with the conductor. The 
number of lines, or flux in maxwells, contained between any two 
imaginary concentric cylinders, of average radius x cm., and axial 
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length I cm. (see Fig. 91) will be the product of the magnetomo¬ 
tive force by the permeance, or 


10 27rX 

_ 27?^^ dx 

“ 10 ^ X 


where I is the current in the wire, ^ is the permeability, and 
dx is the separation between the cylinders, in centimeters. 

Assuming dx to become smaller and smaller without limit, 
and putting ^ = 1 (for the condition of flux lines in air), the 
expression for the total flux outside the conductor, up to a limiting 
distance of d cm., is 

^ 211 C^dx 

i»i * 


where r is the radius of the conductor, in centimeters. 

Effect of Taking into Account the Return Conductor .—The 
effective flux surrounding any single conductor of a transmission 



Fig. 92.—Magnetic lines of force around two pariillel conductors. 


system will depend upon the distance of the parallel return 
conductor or conductors. 

Consider, first, the loop formed by two parallel conductors of 
circular cross-section, one carrying the outgoing current I and 
the other carrying the return current (see Fig. 92). The flux 
due to the current I in the conductor A may be considered as 
extending indefinitely throughout space, with ever-weakening 
intensity as the distance from the conductor increases, and the 
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same argument applies to the flux surrounding the return con¬ 
ductor By the only difference being that if the direction of the 
flux round A be considered positive, that which surrounds B 
will be in a negative direction.^ It follows that the whole of the 
magnetic flux due to the current I in Ay which is situated at a 
distance greater than the distance d between centers of the out¬ 
going and return conductors, is exactly neutralized by the flux 
due to the current —linB, Thus, in Fig. 92, it will be seen that 
the flux of induction surrounding 4 I up to a distance d is not 
neutralized by the current — T in the conductor B] but any mag¬ 
netic line, such as My situated at a greater distance P from the 
center of the conductor Ay is exactly neutralized by the magnetic 
line Ny due to the return current in conductor P, since it 
also surrounds the conductor Ay but in a direction opposite to 
that of the line M, It follows that the total effective flux sur¬ 
rounding A —that is, the resultant flux which will give rise to an 
induced e.m.f. in the conductor when carrying an alternating 
current—is merely that portion of the total self-produced flux 
included between the surface of the conductor and the surface 
of an imaginary cylinder concentric with the conductor, and of 
radius d equal to the distance between the centers of the outgoing 
and return conductors. The formula (92) may, therefore, be 
used for calculating the flux which is effective in producing an 
e.m.f. of self-induction in a single straight conductor when the 
whole of the return current is situated at a distance d from the 
center of the conductor. The flux as calculated by formula (92) 
is that which surrounds the wire, and when the current to which 
it owes its existence alternates in direction, an e.m.f. of self- 
induction will be induced in the conductor. 

Since 100,000,000 lines cut per second generate 1 volt and the 
total effective flux surrounding the conductor is twice created 
and twice destroyed in the time of one complete period, the 

mean value of the e.m.f. of self-induction will be volts. The 

10 ** 

^ The conception of two distinct systems of flux lines occupying the same 
space, is not always justified since it is the resultant flux distribution due to 
the several components of the magnetizing force that shckild properly be 
considered; but where the permeability (m) is constant, as in air, B m pro¬ 
portional to Hy and there can be no valid reason why the resultant flux of 
induction may not be pictured as the sum of two or more component systems 
of flux lines. 
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virtual or r.m.s. value, on the sine-wave assumption, 
or 1.11 times this quantity, whence 

Induced volts = ^ 


is 


2\/2 


(93) 


If I stands for the virtual value of the alternating current, 
the maximum value of 4>, by formula (92), will be 

10 


4 > - 




Substituting in formula (93) after replacing I by the number of 
centimeters in a mile, and converting the Napierian logarithms 
into common logarithms, 

/d\ 

Volts induced per mile of conductor = 0.00466// log j (94) 

Effect of Flux Lines in the Material of the Conductor ,—The 
formula (94) is approximately correct for conductors of overhead 
transmission lines when these are of ‘^non-magnetic^^ material; 
but it should be slightly modified to take into account the effect 
of all the flux lines within the material of the conductor. This 
additional drop of pressure is not easily calculated because 
different amounts of flux link with different portions of the 
conductor. It is obvious that a portion of the conductor near the 
surface is surrounded by fewer flux lines than a portion near 
the center of the cross-section. The result is that the e.m.f. 
induced per unit length of conductor is not the same throughout 
the cross-section. This suggests the possibility of eddy currents 
in the wire; but what actually takes place is a distribution of 
the current density over the cross-section such that the total 
impedance drop—or the IR drop added (vectorially) to the 
IX drop—will have the same value at all parts of the conductor 
cross-section. The correct calculation of the internal reactance 
drop for cylindrical conductors is given in Prof. H. B. Dwight^s 
book ^^Transmission Line Formulas.^^ 

The result is that the inductive pressure drop is actually 
somewhat greater than as indicated by formula (94), which 
neglects the internal flux. The corrected formula is 

-//[o.<x«6610*^^+0.000506] (05) 

= 0.0O4Wf.o*| + S] 
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Example lUuetrating Use of Chart. —Reauired, the reaotanee per conductor of a trans¬ 
mission line 26 miles long consisting of No. 1 wires spaced 5 ft. apart, the frequency being 50. 

The diameter of No. 1 wire (from Table on page 81)18 0.289 in., whence •* 17.3 
and we read 1.27 off chart. The required answer is therefore 1.27 X 0.5 X 26 16.5 ohms. 


The equivalent spacing of three wires which do not occupy the vortices of an'equilateral 
triangle, out which are regularly transposed throughout the length of the transmission, is 
whore a, b and e are the respective distances between centers of wires, in feet. 
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The antilogarithm of the constant in the brackets is 1.285, and 
it is more convenient to write the formula 
Reactive volta^ drop (IX) ) _ ^ ds 

per mile of single conductor J ^ r / 

which is the same as formula (7) already given in Chap. II. The 
reactance of stranded cables is slightly less than that of solid 
conductors of the same cross-section, owing to the fact that the 
overall diameter of the cable is greater than that of the solid wire. 

Tables giving inductive reactance in ohms per mile for different 
spacings and sizes of wires are given in the Standard Handbook 
for Electrical Engineers;^’ these figures, when multiplied by the 
value of the current flowing in the conductor, give the induced 
volts as calculated by formula (96). 

For quick reference and rapid calculations, the chart on page 
243 will be found convenient. It gives the reactance of a single 
conductor in ohms per mile for a frequency of 100. In order to 
obtain the reactive drop in volts in a single conductor of length 
L miles, carrying a current of I amp. at a frequency of / cycles 
per second, it is necessary merely to mutliply the value read off 

the chart by • 


83. Iron as a Material for Transmission Line Conductors.- 


The European war, by limiting the supply of copper and alumi¬ 
num available in Germany and by causing an abnormal increase 
in the price of these metals all over the world, led electrical engi¬ 
neers to consider the possibility of using other metals as conduc¬ 
tors of electricity. Zinc has been used in Germany for insulated 
wires and cables; but it is mechanically weak and generally 
unsuitable for overhead transmission lines. 


When considering the economic advantages of using iron or 
steel conductors, it is necessary to take into account: (a) the 
cost of the material at the place where it is to be used; (6) the 
“life^^ of galvanized-iron wires or cables as compared with 
that of copper and aluminum; (c) the energy losses in trans¬ 
mission; id) the voltage regulation, and the increased cost, if 
any, of maintaining the pressure within specified limits at the 
receiving end of the line. 

Under item (6) the tendency to rust, especially when the 
conductor is in the form of stranded cable, and the possibility 
of local hardening resulting in crystallization at or near the points 
of attachment to insulators must not be overlooked. 
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Under item (c) the greatly increased ^‘skin effect’^ with alternat¬ 
ing currents must be taken into account as well as the higher spe¬ 
cific resistance which requires a larger cross-section of iron than of 
copper wire even when the transmission is by continuous currents. 

Under item (d) the internal inductance of the wire, which is 
almost negligible with copper or aluminum, becomes a matter of 
considerable importance owing to the greatly increased magnetic 
flux in the material of the conductor when iron or steel is used. 

Although cables of extra-high-strength steel wire are occasion¬ 
ally used for long spans—such as river cmssings—on important 
overhead lines transmitting lai^e amounts of energy, this material 
would not be satisfactory as a substitute for copper or aluminum 
except on comparatively shoil sections of the entire line. 

Very rarely may the use of iron wire for power transmission 
purposes be justified on economic grounds. Galvanized-iron 
or steel wire has a limited usefulness in connection with short 
temporary lines when the current to be carried is small (not 
exceeding 10 or 12 amp.). The fact that iron or steel wires may 
be stretched tighter than copper or aluminum permits of longer 
spans being used, and this tends still further to reduce the 
initial cost of the line. 

On account of the wide variations in the electric and magnetic 
qualities of the different grades of iron and steel wire, it is prac¬ 
tically impossible to predetermine losses and pressure regulation 
with a high degree of accuracy. 

Data and curves referring to iron wire were published in the 
second edition of this book, but owing to the very small demand 
for such data, they have been omitted from this edition, and the 
reader who may be interested in iron wire for overhead lines is 
referred to other sources of information.^ 

1 One of the most convenient and comprehensive publications dealing 
with iron as a conductor material for overhead lines is the booklet issued by 
the Indiana Steel and Wire Company of Muncie, Ind. Other references are: 

The Handbook on Overhead Line Construction, published by the 
National Electric Light Association. 

The Handbooks for Electrical Engineers. 

Paper 252 by J. M. Miller, issued by the Bureau of Standards at Wash¬ 
ington, D. C. 

Articles by Prof. W. J. Ryan, Elec. Rev. (Chicago), vol. 71, p. 496, 
Sept. 22, 1917, and also vol. 72, p. 713. 

Articles in the Elec. World by L. W. W. Morrow, July 14, 1917; by C. E. 
Oakes and P. A. Sahm, July 27, 1918; by R. W. Goddard, Apr. 27, 1920; 
by H. S. Rush, Sept. 10, 1921. 

Article by E. Kurtz, Elec. Rev. (Chicago), Aug* 6, 1921. 
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84. Inherent Regulation of Short Transmission Lines. —The 

fundamental vector diagram Fig. 9 which was described in Art. 
15 of Chap. II is reproduced here for convenience. It gives the 
correct relations between the components of voltage when the 
effects due to electrostatic capacity are so small as to be negligible. 

The formula (11) which was developed in Art. 15 gives the 
relation between the pressure Fn at the generating end of the 
line and the pressure En at the receiving end in terms of the IR 
drop and the angles 6 and Numerical examples were worked 
out in Art. 16 based on the vector relations as illustrated by Fig. 9, 



Fig. 9.—Vector diagram for line calculations—capacity neglected. 


The manner in which the electrical problems of short lines trans¬ 
mitting alternating currents may be solved without reference to 
trigonometrical tables was illustrated by Example 4 in Art. 17, 
and the application of the simple diagram (Fig. 9) to three-phase 
calculations was explained in Art. 18 and illustrated by Example 5 
in which the solution of the problem was obtained by drawing the 
vector diagram to scale. 

The percentage drop of pressure on a transmission line may be 
defined as the difference between the sending-end and the 
receiving-end pressures expressed as a percentage of the receiving- 
end pressure. Thus, in terms of the vectors pf Fig. 9, 

y ^ jE 

Per cent pressure drop *= —- X 100 
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and this is the same as the inherent regulation when the capacity 
current between the parallel conductors of the transmission line 
is so small as to be negligible. The reason why this is not true 
when capacity is an important factor, as in long high-voltage 
lines, will be explained later. 

Assuming a three-phase transmission with the three conductors 
arranged to occupy the vertices of an equilateral triangle, any 
one conductor may be thought of as carrying the outgoing current 
which returns by the two other conductors at a distance d which 
is the separation between any two of the wires. Thus, not only 
the IR drop but the IX drop also will be the same in all three 
conductors, and the voltage between wires at the sending end 
will be while the voltage between wires at the receiving 

end will be y/ZEn as illustrated by Fig. 12 in Art. 18. This is 
true whether the system is star connected with a neutral point 
which may or may not be grounded at one end of the line, or delta 
connected, in which case an imaginary neutral point may be used 
whenever this leads to a simplification of the calculations. 

86 . Inductance of Overhead Transmission Lines with Unequal 
Spacing of Wires.—The current in any one conductor of an 
electric transmission line, whether the system be single phase or 
polyphase, may be considered as the sum of a number of compo¬ 
nent currents which are exactly equal, but opposite in direction, 
to the currents in the remaining conductors. The induced e.m.f. 
in any one conductor of an a.c. transmission may, therefore, be 
considered as due to a resultant magnetic flux which is the 
summation of the component fluxes in the two or more single¬ 
phase circuits formed by one particular conductor and each of 
the other (parallel) conductors,^ 

The magnetic flux surrounding a straight wire of circular 
cross-section, up to a distance d cm. from the center of the wire, 
as given by formula (92), is 

^ ~ 0.2Z7 log« - maxwells 

where I = length of conductor in centimeters. 

I = current, in amperes. 

r « radius of cross-section of wire, in centimeters. 

^ This method of calculating the inductance of transmission lines with any 
arrangement of parallel conductors was the basis of articles contributed by 
the writer to the Elec. World and published in the issues of May 23, 1908, 
and Sept. 15, 1910. 
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This formula assumes the permeability of the medium sur¬ 
rounding the wire to be unity (/x = 1), and it applies, therefore, 
to a single wire of any system of overhead electric power trans¬ 
mission. The formula does not take account of the flux of induc¬ 
tion inside the conductor. If it is desired to calculate the 
self-induced e.m.f. when the current is alternating with a fre¬ 
quency of / cycles per second use formula (95) or (90) which 
takes account of the flux lines inside the material of the conductor 


when this is ^^non-magnetic’^ such as copper or aluminum. 

Since, as previously stated, any one wire of a power trans¬ 
mission line may be thought of as carrying the outgoing current, 
the return current—equal in amount, but opposite in direction— 
being carried by the one or more remaining conductors, it follows 
that if all of the current I returns at a distance d from the center 
of the outgoing conductor, the formula (95) may be used for cal¬ 
culating the total IX voltage drop in the single wire. This 
formula is, therefore, applicable to a two-wire single-phase 
transmission and also to a three-phase transmission with the 
^ three conductors occupying the vertices 

» ^ ^ ^ y of an equilateral triangle; but it is not 

applicable to a single-phase system in 
which the return current is divided 
Fig. 93,—Section through between two or more conductors situated 
four parallel conductors. different distances from the outgoing 

wire, or to a three-wire three-phase transmission in which the 
wires do not occupy the vertices of an equilateral triangle. 

In Fig. 93, the total outgoing ^current I is supposed to be the 
current in one of the several parallel conductors, while the total 
return current is divided between all the remaining conductors of 
the transmission line, the condition being that 

I = — (/l -f- 72 + F 3 . . . + in) 


Let diy d 2 j d^j etc. be the distances between the centers of the 
several conductors carrying the return current and the conductor 
carrying the outgoing current, and note that the total flux sur¬ 
rounding the latter conductor may be considered as the sum of 
the component fluxes, namely, the flux due to a current —h 
returning at a distance di, the flux due to a current — h returning 
at a distance ^ 2 , and so on, for any number of components of the 
total current L Each of these separate components of the total 
flux can readily be calculated by means of formula (92), and the 
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expression for the total flux surrounding a conductor in which the 
current / returns along a number of parallel conductors, as indi¬ 
cated in Fig. 93, becomes 

4> = 0.2z[-7ilog.^^^ -7,lo&~* . . . -7„log.^] . . . (D7) 

where r stands for the radius of cross-section of the particular 
conductor which carries what will be thought of as the outgoing 
current /. 

When energy is transmitted by polyphase currents, with any 
number of conductors, the ahrebraic sum of the currents in the 
conductors must, at any given instant, be equal to zero. Any one 
conductor may be looked upon as carrying the outgoing current, 
while the remaining conductors together carry the return current. 
Formula (97) can, therefore, be used for calculating the effective 
flux of induction surrounding any one conductor in a polyphase 
transmission, whatever may be the arrangement of the conductors. 
Obviously, the phase relations between the several components of 
flux must be taken into account, since it is the vectorial sum of 
the quantities in the formula that is required. 

86. Effect of Transposing Conductors of Three-phase Trans¬ 
mission. —When the conductors of a three-wire three-phase 



Fia. 94.—Illustrating effect of transposing three parallel conductors. 


transmission are not equally spaced, that is to say, when they do 
not occupy the comers of an equilateral triangle, the IX drop 
(or induced e.m.f.) will not be the same in all three conductors. 
If each conductor of such a transmission line is made to occupy, 
in turn, the positions originally occupied by the remaining two 
conductors for a distance equal to one-third of the total distance 
of transmission, it is obvious that the out-of-balance effect will 
be corrected. 
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Figure 94 shows the arrangement of three conductors wi 6 h 
unequal spacings, a, fr, and c. The three conductors carrying 
currents /i, / 2 , and /a, respectively, occupy each of the positions 
(A), (J5), and (C) over one-third of the total distance of trans¬ 
mission. Since the induced e.m.f. will necessarily be the same 
in the three conductors, it may be calculated by considering any 
one wire and adding the flux components as calculated by formula 
(97) for each of the three positions indicated in Fig. 94. Con¬ 
sider the total flux which surrounds 1 -cm. length of the conductor 
carrying the current /i amp. : 

In position (A) = 0.2 — J 3 log* ~ — ^2 log. ^ j 

In position {B) = 0.2 Iz log.^ — 1% log.^j 

In position (C) 4>i = 0,2|^— /a log.^ — 1 2 log*^] 


One-third of the sum of these three flux values will be the 
average flux surrounding the conductor per centimeter of the 
entire length of the line, whence 

Average flux per centimeter, 4> = ^ 2 ) log. 


1 oJ)c 

But in place of —{Is + /s), put 7i; and in place of „ log, » 

O 

put log. ; whence 


Average flux per centimeter, ^ = 0 . 2 /i log« 


^abc 


maxwells. 


This does not include the flux inside the material of the conductor, 
but if the ^^equivalent spacing^^ ^abc is substituted for d in for¬ 
mula ( 95 ), the reactive voltage per mile in any one of the three 
wires of diamoter 2 r may be written 

(IX) - 0.00466/7 log, + 0.000506/7 (98) 


Thus, whatever may be the distances a, b, and c, between the three 
points of support of a three-wire three-phase transmission with 
wires regularly transposed, it is always possible to calculate 
the impedance of the transmission Ime by considering each of the 
three wires as one conductor of a single-phase circuit with the 
current returning by one or more imaginary parallel conductors at 
a distance equal to 
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Example 23. Inherent Regulation of Transmission Line with 
Unequal Spacing of Conductors, —Consider a three-phase overhead 
line 24 miles long, suppl 3 dng energy at 22,000 volts with a fre¬ 
quency of 60 cycles. The conductors consist of No. 0000 B. & S. 
stranded copper, spaced in a horizontal plane with a separation 
of 4 ft. between the center wire and each of the outer wires. 
It is desired to calculate the maximum load in kilowatts which can 
be transmitted by this line when the power factor of the load is 
0.78, given that the inherent regulation (or percentage pressure 
drop) must not exceed 10 per cent when the temperature of the 
wires is 90®F. The amount of the cai;>acity current will be very 
small and may be neglected. 

The required data are collected below: 

Pressure between lines at receiving end, E = 22,000 volts 

Frequency, / = 60 

Power factor of load, cos B = 0.78 

Length of line, L = 24 miles 

Diameter of No. 0000 stranded conductor, 2r 
From table on = 0,522 in. 

page 81 I Area of cross-section of wire = 0.1662 sq. in. 

( Resistance, ohms per mile, at 68®F. = 0.272 

By formula (90), page 235, the resistance per mile at 90°F. will be 

The increase of resistance due to skin effect need not be taken 
into account because the product area X frequency is 0.1662 X 
60 = 6 (approximately), and on referring to the curve for copper 
in Fig. 90 (p. 238), it is seen that the skin-effect multiplier is so 
small as to be negligible. 

The spacings between wires, in inches, are a = 48, 6 = 48, c = 
96, and the equivalent spacing is 

d = ^8 X 48 X 96= 60.5in. 


Using this value in formula (98), or for d in formula (96) on page 244, 

- = = 232 which may be used in the formula: or with d in 

r 0.261 


feet and 2r in the denominator, the ratio becomes a' =* 


60.5 

12 X 0.K2 


»= 9,66 which may be used for reading reactance per mile from 


the chart on page 243. The result is 
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Reactance per mile of single conductor, X = 0.695 ohm. 
The required regulation or percentage voltage drop is 


100 X 


V - E 
E 


where V stands for the voltage between wires at the sending end 
of the line. The quantity (F ~ E) is equal to '\/3(Fr, — En) 
where F„ and En are star voltages (wire to neutral) at the sending 
and receiving ends, respectively. If the simplified formula 
(15o) on page 28 is used, giving the voltage drop the loss 

of pressure as measured between wires is 

(V - E) = cos e + X sin 6) 

But since it is not important to consider the current I except as it 
affects the total amount of power that can be transmitted, 

W 

it is possible substitute for it the equivalent quantity 

\/SE cos 0 

wherein W is the load (in watts) at the receiving end. Thus 
(F — J?) = volts (approximately) (99)^ 


or, if preferred, this formula for pressure drop on a three-phase 
line (wire to wire, not wire to neutral) may be written 

(F — E) = volts (approximately) (100) 

Tj 


The expression for the percentage voltage drop (or regulation, 
if the line is short and capacity current may be neglected) is 


100(F - E) ^ 100TFL(iB + X tan B) 
E “ E^ 


( 101 ) 


Values for tan B corresponding to any given power factor 
(cos B) may be obtained from trigonometric tables, or calculated 
from the relation 


tan B = 


\/l — cos^ B 
cos B 


A short table of trigonometric functions will be found on 
page 28. 

1 This is identical with the formula published by C. E. Warsaw in the 
Ehc. Worlds Jan. 29, 1921. 
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Applying formula (101) to the solution of this particular 
problem, 


pressure drop X 


\mL{It + X tan B) 
10 X (22)2 106 


100 X 24 X (0.285 + 0.695 X 0.802) 


== 2,400,000 


The required answer is that the permissible maximum load at 
the receiving end is 2,400 kw. A load in excess of this would 
cause the inherent regulation to be greater tlian 10 per cent. 

87. Inductance of Parallel Circuits as Affected by Position of 
Conductors.^—By means of formula (97; it is possible to calculate 
the flux surrounding any one conductor of a power transmission 
line even when more than one circuit is carried on the same pole 
line. Figure 95 shows the wires of two three-phase circuits 
occupying the corners of a regular hexagon with equal sides of 
length d. These circuits are supposed to be in parallel and to be 
carrying a balanced load, so that the amperes of current will be 
the same in all six conductors. Owing to the symmetrical 
arrangement of the wires, with phase rotation in the same direc¬ 
tion (1, 2, 3) in the two parallel circuits, the total effective flux 
around any one conductor will be the same (except in regard to 
phase) as that which surrounds any one of the other five con¬ 
ductors. The calculations for induced e.m.f. (or for resultant 
flux) may, therefore, be made for any conductor such as the one 
which carries the current Ai. In applying formula (95), it is 
necessary merely to remember that the current Ai may be con¬ 
sidered as the sum of five component currents which are exactly 
equal, but opposite in phase, to the currents in the five remaining 
wires. 

Referring to Fig. (95), let the symbols Ai, A 2 , A 3 stand for the 
currents in one of the parallel three-phase circuits, while J5i, B 2 , 
Bz stand for the (equal) currents in the other circuit. Then A 1 
is equal to J^i, not only in magnitude, but also in phase. Simi¬ 
larly, 

= 62 

and 

Az ^ 


^ Reprinted with a few alterations from an article contributed by the 
writer to the Jour, Franklin JnsL, September, 1926. 
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The several components of the current Ai are 

— 0s + Aj) = — (^3 + A 2 ) = +Ai returning at a distance d 

— (6t + A 3 ) = —(A 2 + As) = +Ai returning at a distance \/3d 

—6i = —-ii returning at a distance 2d 

whence, by formula (97), 

4> = 0.2l|^Ai log, ^ + Ai log, — AI log, 

= 0.21Axlog.>^^^ (102) 


All wires of same diameter «- 27* 



Fig, 95, Fio. 96. 

Figs. 95 and 96, —Alternative arrangement of wires when two three-phase 
circuits are carried on same pole line. 


If two separate three-phase lines with a considerable distance 
between them were substituted for the arrangement of Fig. 96, 
the flux surrounding any one of the six conductors would be 

# = 0.2/Ai log. ^ (103) 

assuming the triangular (equidistant) arrangement with a separa¬ 
tion d between wires. This is greater than the flux as given by 
lormula (102). If a distance d » 120 in. and a radius of con- 
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ductor cross-section r = 0.4 in. be assumed, the ratio of the 
induced e.m.fs. for the alternative arrangements will be 


log 


120 

0.4 


\/3 X 120 


log 


2 X 0.4 


1.025 


Although, in this example, the reactive drop with the two sepa¬ 
rate pole lines is only 2} ^ per cent greater than with all six wires 
on the same pole line, the fact remains that with the proper 
arrangement of wires on a single-pole line, two parallel three- 
phase circuits may be carried with a smaller reactive drop than 
if the two circuits were carried on separate pole lines with the 
same minimum spacing between wires. ^ By applying formula 
(97), it is easy to calculate the flux surrounding any one of the 
conductors, whatever may be the spacing between them, and when 
the circuits are arranged as in Fig. 96, it will be found that there 
is considerable unbalance of induced e.m.fs. and that the average 
reactance drop is appreciably greater than with the phases 
arranged as in Fig. 95, or with the two circuits carried on separate 
pole lines. 

88 . Pressure Available at Intermediate Points on a Transmis¬ 
sion Line.—Referring again to Fig. 9 (reproduced on page 246), 
the volts per phase at the generating end are Vn and at the 
receiving end, En, the total drop being (Fn — En) volts. It does 
not follow, however, that the pressure available at a point halfway 

_J? \ 

—^ 2 —/ because the power 

factor is rarely the same at all points. 

The method of calculating the pressure available at some inter¬ 
mediate point L' miles from the supply station on a line of total 
length L miles, when the effects of capacity are negligible, is 

illustrated in Fig. 97 where C'C = 

is a measure of the voltage drop between the supply end and the 
point considered. The power-factor angle at this point will 
be which can be calculated by making the required changes 


^ This was pointed out by the writer in an article which was published in 
the Elec. World, Sept. 15, 1910, and, more recently, H. B. Dwight has very 
clearly shown {Elec. World, Jan. 12, 1924) that if two parallel three-phase 
circuit are carried on the same pole line, the arrangement shown in Fig. 95 is 
decidedly preferable to the more usual arrangement of Fig. 96. 
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in the formulas of Article 15. Thus, formula (11) would be 
written 

OD' = 

cos \l/ 

and the procedure throughout is exactly the same as if calculat¬ 
ing the required generating-end voltage on a line (L — L') 
miles in length, to give En volts at the receiving end when deliver¬ 
ing I amp. at a power factor cos 0. 

Such calculations arc usually unnecessary refinements, and, 
except on very long lines, the error introduced by assuming a 



Fio. 97.—Vector diagram showing pressure at intermediate point on trans¬ 
mission lino. 

uniform drop of pressure along the line is rarely of any practical 
importance. 

The manner in which the values of pressure drop, as calculated 
for a single conductor, are used in determining the inherent 
regulation of three-phase lines was explained in Art. 18, Chap. IL 
89, Electrostatic Capacity of Overhead Lines .—Any arrange¬ 
ment of two conductors of electricity separated by an insulator 
forms a condenser of which the capacity will depend upon the 
spacing of the conductors and the nature of the dielectric between 
them. In the case of overhead conductors running parallel to 
each other and to the surface of the ground over a considerable 
distance, the electrostatic capacity between the individual 
conductors, and between these conductors and earth, becomes a 
matter of importance. 
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The relation between the electrostatic capacity^ of a condenser 
and the dielectric flux produced by a given potential difference 
was briefly discussed in Art. 72, Chap. VIII. With a sine-wave 
alternating voltage E, the charging current, in amperes, is 

Ic = 27rfEC (104) 

where C is the capacity of the condenser, in farads, and / is the 
frequency, in cycles per second. The development of this 
formula is given in Art. 76 (see footnote on p. 219). This 
charging current, as is well known, the applied or impressed 
e.m.f. by one-quarter perio<l, and if the electrostatic capacity 
per unit length of a transmission line is known, the capacity cur¬ 
rent which passes from wire to wire through the dielectric (air) is 
easily calculated. The total current in the line is obtained by 
adding (vcctorially) the capacity current and the load current. 

The exact formula^ which gives the capacity in microfarads 
per mile between two cylindrical parallel wires in air is 


0.0194 

log [a + - ij 


(105) 


where a = d being the distance between centers of wires and 

r the radius of cross-section of the (circular) conductor, expressed 
in the same units as d. It is more generally useful to consider the 
capacity as being measured between one wire and the neutral 
potential surface. This will be twice the value of the capacity as 
measured between the two wires; but when calculating the charg¬ 
ing current, it is the voltage between wire and neutral surface that 
must be taken, if this latter value of the capacity is used. 

The formula (105) may be put into another form which is very 
convenient if tables of hyperbolic functions are available. 


^ The words permittance and—more recently— capacitance^ when applied 
to a condenser or the dielectric field between conductors, have the same 
meaning as electrostatic capacity or, briefly, capacity. The word permittance 
was suggested by Heaviside, who chose it for the very good reason that it 
connotes in the dielectric circuit the same quality as the words admittance 
and permeance in the electric and magnetic circuits. All three words mean 
generally the same thing, namely, the quality or attribute which admits— 
allows to penetrate or pass through—while capacitance suggests this no 
more forcibly than capacity. The word ccmdensance, although the latest 
aspirant to philological fame, appears to have nothing to recommend it 
apart from its debatable euphony. 

The derivation of these formulas is given in the majority of textbooks 
treating of alternating currents. 
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In the formula (106) common logarithms are referred to in the 
denominator; but by making the proper correction to the numer¬ 
ator and substituting Napierian logs, the denominator becomes 
log, (a-f-\/o* — i), which is the quantity of which the hyperbolic 
cosine is a. Thus, the inverse hyperbolic cosine of a, or cosh“‘ a, 
is the equivalent of log, (a -f \/o^ — 1); and with the corrected 
numerator, the formula (105) becomes 


r = 0 - 0 ^47 
cosh“^ a 


(106) 


If the capacity per mile of single conductor, measured between 
wire and neutral, is required, the numerators of these formulas 
must be doubled, and the correct formula may be written either 


or 


0.0388 

” log (a + -\/— 1) 

0.0895 

cosh~^a 


(107) 

(108) 


When the distance d between wires is large as compared with the 
diameter (2r) of the conductor—a condition which obtains on all 
high-voltage overhead power lines—^the quantity \/o® — 1 in 
formula (107) is very nearly equal to a, and the simplified formula 
becomes 

„ _ 0.0388 

log 2a 


or 


a,. 


0.0388 



(109) 


This formula gives the capacity in microfarads per mile of con¬ 
ductor, as measured between the wire and the imaginary neutral 
plane, with sufficient accuracy for calculating the charging current 
in any practical high-voltage overhead power transmission line. 
Formula (109) gives results very slightly smaller than formula 
(107) or (108); but when a is large, that is to say, when the 
distance between wires is many times the diameter, the error is 
negligible. The error becomes appreciable only if n is less than 
10, and even if o is as small as 4 (a quite impossible state of things 
on an overhead transmission with bare wires), the error would be 
only 0.8 per cent. 
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Reloiion between Permittance and Inductance of Overhead Lines ,— 
It is possible to express the charging current on overhead lines 
in terms of the reactance. This is due to the fact that there is 
an approximately constant relation between the inductance and 
the capacity, which is independent of the size and spacing of the 
conductors. The formulas (94) and (95) of Art. 82 give values 
for the quantity JX, that is to say, for the product of current and 
reactance. Formula (94) takes no account of the magnetic 
flux within the material of the conductor, and, if the inductance 
based upon the external reactance only is considered, a simple 
relation between permittance i*nd inductance is obtained. 

If L stands for the inductance (coefficient of self-induction) in 
henrys per mile of single conductor, and X is the reactance in ohms 
per mile, then, on the sine-wave assumption 

X - 27 r/L 

whence, if the value given by formula (94) namely, X = 0.00466/ 


log 


d 


is substituted for X, the approximate value of the induc¬ 


tance per mile of single conductor is 


d 


L = 0.000741 log henrys 


( 110 ) 


Comparing this expression with formula (109) giving the capacity 
in microfarads per mile of wire, it is seen that the product of these 
two quantities is a constant, namely, 

- PTtoo 

By using the exact formulas for Cmf. and L, and taking an 

' ^ 
average of this product between the usual limits of the ratio ’ 


C^i.L = 


1 


( 112 ) 


33,600 

This formula is generally more exact than formula (111), which 
neglects the magnetic flux inside the conductor. By expressing 
L in terms of X and the frequency (/) 

27r/ 


C™,. = 


microfarads 


(113) 


33,600X 

If it is desired to express the charging current per mile in terms 
of the reactance per mile it is necessary merely to substitute the 
above expression for Cmt. in formula (104), which gives 

j amp. (approximate) per mile of conductor (114) 




8.5X X 10® 
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This formula for calculating the magnitude of the charging 
current, when multiplied by the length of the line in miles, 
will give the charging current in the line at the generating end. 
The result is usually smaller than the value obtained by measure¬ 
ment on actual lines. The reason is that the assumption of 
sinusoidal impressed e.m.f. is rarely justified, and the irregular¬ 
ities and peaks in the actual pressure wave may cause an increase 
of charging current amounting to 20 or even 40 per cent of the 
calculated value. These considerations emphasize the absurdity 
of devoting a considerable amount of time to mathematical 
refinements, or of using complicated formulas of which the 
increased accuracy is of no practical value seeing that they arc 
based on assumptions that are never realized in an actual trans¬ 
mission system. 

90. Capacity of Three-phase Lines. —The formulas in the last 
article give the capacity between two parallel wires as measured 
from wire to neutral, and in the case of a single-phase transmis¬ 
sion, the capacity between the two wires would, as it wore, consist 
of two such capacities in series and would, therefore, measure 
half the value given by these formulas, all as previously men¬ 
tioned. It should, however, be noted that it makes no difference 
which value of the capacity is taken for the purpose of calculating 
the charging current, provided proper attention is paid to the 
potential difference available for charging the condenser. In 
the case of the single-phase transmission, the pressure available 
for charging the two imaginary condensers in series is exactly 
twice the pressure between one wire and neutral (see Fig. 98). 

Note that if a third parallel wire (3) is placed anywhere in the 
neutral plane equidistant from the wires (1) and (2), an^^ electric 
charge on this wire will affect wires (1) and (2) equally, and it will, 
therefore, have no effect upon the permittance C as measured between 
the wires (1) and (2). 

Consider, now, a three-phase transmission with the three 
conductors occupying the vertices of an equilateral triangle^ as 

^ With an irregular arrangement of the three conductors having spacings 
o, 6, and c, the equivalent equilateral triangle will have sides equal in length 
to the geometric mean of the three actual distances between wires, or 
dequiv. = ^ahcf as proved in Art. 86 when considering the inductance of 
irregularly spaced conductors. The fact that this condition holds for 
capacity calculations as well as for reactance calculations may be inferred 
from the expression for capacity in terms of reactance as indicated by 
formula (113) in the preceding article. A complete proof is given in H. B* 
Dwight’s **Transmission Line Formulas.” 
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shown diagrammatically in Fig. 99. Since the capacity between 
any two conductors is unaffected by the presence of the third 
conductor, the capacity C as measured between any one wire 
and neutral is the same as for the single-phase arrangement 
provided the separation d between conductors and the radius r 
of conductor cross-section remain unaltered. The usual repre¬ 
sentation of this condition, with the imaginary capacity C 
between each wire and neutral (whichprovidesfor the two capac¬ 
ities in series between any two wires), is shown in Fig. 100. 

Although the capacities C as measured between one wire and 
neutral are the same in Figs, 9^ and 100, it does not follow that 
the charging current per wire is the same for the three-phase as 



Figs. 98, 99 and 100.—Diagrams illustrating electrostatic capacity of overhead 

transmission lines. 


for the single-phase arrangement with the same voltage E 
between wires. The charging current will depend upon the 

E 

voltage between wire and neutral, which is ^ for the single-phase 

JU 


E 

transmission and for the three-phase system. The repre¬ 
sentation of the capacities between the wires of a three-phase 
system, as shown in Fig. 100, has the great advantage that a 
three-phase, or indeed any polyphase, system may be treated as a 
combination of several single-phase systems, and' the calculation 
of the capacity current per wire becomes a simple matter. 

The capacity between each wire and ground is relatively small 
and may always be neglected in calculations on overhead trans¬ 
mission lines. It is, therefore, only when great refinements and 
scientific accuracy are aimed at that the simple diagram of Fig. 
100 is no longer applicable. 



262 


ELECTRIC POWER TRANSMISSION 


91. Electrical Calculations for Lines with Appreciable Capacity. 

By means of formula (107) or (109), the capacity from wire to 
neutral may be calculated for any transmission line or section of 
line of length L miles. The charging current Jr, which leads the 
voltage by one-quarter period, may be calculated by formula 
(104) or (114), and, by adding this current vectorially to the 
load current J, the total current in the line at the supply end of 
the section is obtained. The current at the receiving end is 
merely the load current 7, since the whole of the charging current 
Jr has passed out of the wire over the length L miles between the 
sending and the receiving ends of the line. 

A long transmission line may be divided into a number of 
sections of length AB = L miles, as indicated in Fig. 101. If JJ 
and X stand, respectively, for the resistance and reactance per 


Resistance s LR 
Reactance = LX. 



Imaginary "^neutral return t / —LengthwL mUe8->j 

of zero impedance * 

Fig. 101.—Long transmission line divided into sections. 


mile of wire, the resistance per single conductor L miles long is 
LR ohms, the reactance is LX ohms, and the capacity suscep- 
tance^ (on the sine-wave assumption) is 27r/LC mhos, where C 
stands for the capacity between wire and neutral per mile 
(expressed in farads). 

When a long transmission line is considered as a succession of 
unit sections, such as the length AB of Fig. 101, it is necessary 
merely to imagine a very large number of short sections to 
understand how a diagram such as Fig. 101 may be used to study 
the voltage and current relations in an actual transmission line 
where the inductance and capacity are not concentrated at any 
particular points but are distributed over the entire length of the 
line. By imagining the unit sections to be made smaller and 
smaller without linait, correct formulas may be developed,® but 
since the simpler formulas, based on the assumption of concen¬ 
trated capacities, are sufficiently accurate for nearly all calcu¬ 
lations on power transmission lines, these will be developed in the 

1 The ratio of charging current to voltage. 

* The development of these formulas is given in Chap. X. 
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first instance and used to illustrate the effects of capacity when 
the line is of sufficient length to render these effects appreciable. 

The vector diagram Fig. 102 applies to any line or section of 
line, such as AB of Fig. 101, with the capacity LC (between wire 
and neutral) supposed to be concentrated at the receiving or 
^Toad^^ end of the section considered. The total line current 
Ih is, therefore, equal to the (vectorial) sum of the charging 
current Ic and the current I taken out of the line at the receiving 
end of the section. 


A Beaiataiioe of aintfle eonduotor ™ (£.1?BeHctancd vs (LJ[) B Loyi current 



The vector OK, representing the charging current, is drawn 90 
deg. in advance of the receiving-end voltage (Bn)^ while the vector 
OA representing the 'Toad” current is drawn B deg. behind the 
receiving-end voltage, the power factor of the load being cos 6 
(lagging). Obviously, when considering a section of the entire 
line as in Fig. 101 , with A as the sending end and B as the receiv¬ 
ing end of the section, the expressions 'Toad” and "power factor 
of load” must be understood to include with the load proper the 
portion of the transmission line between the point B and the end 
of the line. The vector OS (Fig. 102) is the total current in the 
line, being the sum of Ic and L The manner in which the voltage 
(Fn) and the power factor (cos 6^) at the sending end of theiection 
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are calculated will be understood from the step-by step develop¬ 
ment of the formulas, which follows. 

Calculation of Sending^end Voltage Based on Voltage and Load 
ai the Receiving End. 

(1) la = iVS = /. + 7 sin B 

(Note that sin 0 is negative when current lags.) 

(2) Ih = ON — I cos 6 

(3) a = MD = h{LX) + Ia{LR) 

(When a is positive^ plot above reference axis.) 

(4) 6 = 5ikf - h{LR) -la(LX) 

(When b is positivey plot to right of point B,) 

(5) OM = En + h 


(6) tan a (E„ + b) 

(When tan a is negative, the angle a is also negative.) 

(8) co^ = } trigonometric tables.) 

(9) Vn = OD = (This is the voltage—wire to neutral 

cos a ° 


‘—at sending end.) 

If preferred, the expression for this voltage may be written 
Vn = \^(En + by + a^y which simplifies into the convenient 
formula 

(9«) Fn = {En +b)+ 

This approximation is justified because a is small relatively to 
{En + b). Refer to footnote on page 89 of Chap. IV. 
Calculation of Current and Power Factor at Sending End. 

(10) tan /3 = ^- 
ih 


( 11 ) = 
(12) cosjS = 


(Consult trigonometric tables.) 


(Note that when /<• = 0, tan 0 — tan 6, and 0 = 0.) 

h 


(13) I.=^08^ 


cos 0 


(14) 0.^0-a 

(If 0, is negative, current lags behind sending-end voltage.) 

(15) cos 0, = (Consult trigonometric tables.) This is the 
power factor at the sending end of section. It will be a leading 
or lagging power factor depending upon whether 0, is positive or 
negative. 
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Calculation of Line Losses. 

(16) Watts lost in a single conductor = power input per phase 
minus power output per phase 

= Vnis cos — Enl cos d 

= L\LR) 

Example 24 .—Electrical Calculations Taking Account of Capac- 
nty Current .—The data used in these calculations are as follows: 
System, three-phase 

Line pressure at the receiving end, E — 88,000 volts 

‘'Star'’ voltage, En = ~ 50,810 

\/3 

Frequency, / = (>() 

Load = 22,0(X)kv.-a, 

Power factor of load, cos 0 = 0.8 (lagging) 
liCngth of transmission line, L == 100 miles 
Conductors, No. 0000 B. & S., stranded copper 
Equivalent spacing = 9 ft. {d == 108 in.) 

From the wire table on page 81, the resistance at 68°F. is 
found to he R — 0.272 ohm per mile. By formula (96),^ the 
reactance per mile is 

X = 0.00466 X 60 X log (1.285 X / 201 ) = 


By formula (109), the capacity (wire to neutral) is 
0 0*^88 

Cn,i. = - = 0.01485 mf. per mile, and the capacity 

luo 

07261 

susceptance per mile is 

B = 2x X 60 X 0.01485 X 10-* = 5.6 X lO"® mhos 
The load current is 


22,000 

V3 X 88,000 


144.5 amp. 


By way of illustrating the method of procedure based upon 
the vector diagram Fig. 102, assume the whole of the electrostatic 
capacity to be concentrated at the center of the line, as indicated 
in Fig. 103, and calculate the conditions at the sending end by 
considering the line as consisting of two sections each 3^^ L miles 
long. First calculate the conditions at the halfway point, 
noting that the 50-mile section connected to the load is supposed 


1 If preferred, the chart on p. 243 may be used. 
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to be without capacity, so that it would be possible to use the 
formulas for short lines as developed in Chap. II; but the same 
results will be obtained by following item by item the procedure 
based upon the vector diagram Fig. 102, merely observing that 


Ic = 

0. 




(1) 

la ■■ 

= 0— 144.5 X 0.6 = —86.7 amp. 



(2) 

h = 

= 144.5 X 0.8 = 115.6 amp. 



(3) 

a = 

(115.6 X 50 X 0.762) - (86.7 X 

50 X 0.272) 

= 3,220 


volts 



(4) 

h = 

(115.6 X 50 X 0.272) + (86.7 X 

50 X 0.762) 

= 4,870 


volts 



(5) 

{Ea 

+ b) = 50,810 -t- 4,870 = 55,680 

volts 


(6) 

tan 

3,220 ^ 

“ = 55^680 



(7) 

a = 

3° 19' 



(9“: 

)E„' 

- 




which is the voltage across the condenser supposed to be con¬ 
nected between line and neutral plane at the midway point. 


I, . 1 


j ij 

f 


1 



D 


<- H h mllea-> 

^- H L milea-V 

Load of 


factor COB Q 

Fig. 103.—Diagram illustrating Example 24. 


(13) The current in this section of the line is the load current 
I = 144.5 amp. 

(14) e. = a = -36° 52' - 3° 19' = - 40° 11' 

(15) cos $, = 0.764 (lagging) [sin 0 — —0.645] 

This is the power factor at the midway point on the line. 

(16) The line losses per conductor in this section of the line are 

PR = (144.5)* X 50 X 0.272 = 284,000 watts 

Repeating the calculations for the 50-mile section at the sending 
end of the line, it is necessary merely to follow the same proce¬ 
dure, noting that the load curr^t has the same value as before, 
namely I «= 144.5 amp., but the voltage (line to neutral) at Uie 
receiving end of the section is now En =« *= 65,770, and 
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the new power factor is cos B ^ cos B» - 0J64. The 

calculations follow: 


With a voltage En == 55,770 across a condenser of susceptance 
100 X 5.6 X 10"® mhos, the charging current is 



Ic 

= 100 X 5.6 X 10-« X . 

55,770 = 

31.2 

amp. 


(1) 

la = 

31.2 - 144.5 X 0.645 = 

->62 amp. 



(2) 

h = 

144.5 X 0.764 = 110.5 amp. 




(3) 

a = 

(110.5 X 50 X 0.762) - 

(61.3 X 

50 X 

0.272) 

=3,380 


volts 






(4) 

b = 

(110.5 X 50 X 0.272) + 

(61.3 X 

50 X 

0.762) 

=3,840 


volts 






(5) 

(En' 

+ 5) = 59,610 





(6) 

tan c 

3,380 

' == •59,610 “ 





(7) 

a = • 

3° 14' 





(9": 

) Fn = 

— 'iQfiio -4- (3,380)* 

59,610 + 2 x 59“610 ' 

= 59,710 

volts 




which is the required voltage (wire to neutral) at the sending 
end of line. The pressure as measured between wires is v^3y„ 
= 103,400 volts. 

(10) tan ^ = - j = -0.561 

(11) /3 = -29° 17' 

(12) cos |3 = 0.872 

(13) /. = = 126.5 amp. 

(14) e, = -29° 17' - 3° 14' = -32° 31' 

(15) cos e. = 0.843 

This is the power factor (lagging) at the sending end of the line. 

(16) The PR loss per conductor is 

(126.5)* X 50 X 0.272 = 217,000 watts 

The total losses in the three conductors (both sections) are 
3(217 4- 284) = 1,503 kw., which is 8.5 per cent of the power 
delivered at the receiving end of the line. 

The line drop per wire is 59,710 — 50,810 = 8,900 volts, which 
is 17.5 per cent of the pressure at the receiving end. 

The difference between sending-end and receiving-end voltages 
as calculated in this numerical example for a line 100 miles long, 
with the whole of the capacity supposed to be concentrated at the 
center of the line, differs by less than one-half of I per cent from 
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the line drop as calculated on the basis of uniformly distributed 
inductance and capacity. So small an error is entirely negligible 
in calculations of practical transmission lines, especially as many 
assumptions have to be made, including the probable amount and 
power factor of the load, the temperature, and, therefore, the 
resistance of the conductors, and the wave shape of the impressed 
e.m.f. The very fact that sinusoidal wave shapes are assumed 
in nearly all cases, even when the so-called exact formulas are 
used, and that the amount of the charging current depends 
largely upon the wave shape, would seem to indicate that refine¬ 
ments of calculation are unnecessary and may even be undesir¬ 
able. Calculations on lines 150 miles long may be made without 
appreciable error on the assumption of a single condenser load 
at the center of the line, as indicated in Fig. 103, and by imagining 



Fio. 104.—Diagram of long line divided into three sections. 


a longer line (up to about 300 miles) to consist of two sections 
similar to the line of Fig. 103, the diagram Fig. 104 is obtained, 
with the total permittance divided equally between two con¬ 
densers. By calculating E' at the sending end of section (1), 
at the sending end of section (2), and finally V at the sending 
end of section (3), the conditions at the sending end of the line 
may be determined in three successive steps with a probable 
error of less than one-half of 1 per cent. As a matter of fact, 
a straight transmission without branches or intermediate tap¬ 
pings will rarely be found, in practice, of so great a length 
as 300 miles, and, therefore, the transmission line engineer has 
very little use for the correct, but less familiar, formulas based 
on the condition of uniformly distributed inductance apd capacity; 
but since these formulas are of very great value hi Other fields, 
and may be preferred by those familiar with the mathematics 
involved and the use of tables of hyperbolic functions, their 
development and application will be taken up in the following 
chapter. 
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92. Power Factor of Load Consisting of Several Circuits in 
Parallel.—When the load connected to a particular supply circuit 
is made up of a number of separate smaller loads—such as motors 
of different sizes and power factors, lighting circuits, etc.—it is 
necessary to add these loads in order to determine not only the 
total actual power, in watts, but also the volt-amperes or the 
power factor of the total load, so that the current in the supply 
circuit may be calculated. The summation of loads of different 
power factors must also be made when a transmission line feeds 
into a point where one or more branch lines take loads of different 
amounts and power factors. 4ssuming the apparent power 
(volt-amperes) and the true ‘power (watts) to be known in con¬ 
nection with each component load, the summation of these sepa¬ 
rate loads, all connected in parallel across a single supply circuit, 
is easily carried out in the following manner: 

Let P\y Piy Pi, etc. stand for the true power of the respective 
component loads, and let Qi, Q 2 , Qz, etc. stand for the correspond¬ 
ing reactive power^^; then the volt-amperes or apparent power 
of any individual load, as for instance load 2, is {El )2 = 
\/P 2 ^ + and the power factor of this load is cos 62 = 

Vp? + 01 ^’ 

Similarly, if cos 6 , = power factor of the total load, write 

^ _ ^ _ 

’ V(2P)2 +(2(3)2 (116) 

and it is necessary merely to sum up separately the “in-phase’^ 
and reactive components of the several circuits to obtain the 
true power and reactive power of the supply circuit. 

Example 25. Parallel Circuits loith Loads of Differe 7 it Power 
Factors ,—Consider four different circuits connected in parallel, 
the kilovolt-ampere loads and power factors being as given in the 
second and third columns of the accompanying table. Assume 
the true power values to be measured in the direction of the vector 
of reference, and calculate for each load the values of the compo¬ 
nent vectors, namely: 

Active component, P = Kv.-a* X cos B 

Reactive component, Q = Kv.-a. X sin B 
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These values are recorded in columns 4 and 5 of the table. 


Load number 

Kilovolt¬ 

amperes 

Power factor, 
cos 

Active com¬ 
ponent, 

P « kv.-a. X 
cos 6 

Reactive com¬ 
ponent, 

Q » kv.-a. X 
sin B 

1 

100 

0.5 (lag) 

50 

-86.6 

2 

120 

0.8 (lag) 

96 

-72 

3 

80 

1,0 

80 

0 

4 

60 

0.0 (lead) 

0 

4-60 



2 

:P = 226 s<2 

f == -98.6 


If these component values are plotted as indicated in Fig. 105, 
it is easily seen that the total power in watts is OA = 2P, while 
the reactive power is AP = SQ. The power factor of the total 
load is, therefore, the cosine of the angle of which the tangent is 



n) 


Fig. 106.—Vector diagram illustrating Example 25. Several loads in parallel 

whence, from trigonometric tables, cos — 0.916 lagging (because 
tan is negative). If trigonometric tables are not available, 

cos^a = —=* 0.916, aud tho total 
Vl + tan* e, Vl + (0.436)* 

kilovolt-amperes are = 247. 

It is not necessary to draw the vector diagram as in Fig. 105 
which merely serves to show how the vector OB, which repre¬ 
sents the total kilovolt-amperes of the supply circuit, is equal to 

VCZP)* + (sQ)*. 






CHAPTER X 


VOLTAGE CONTROL—ELECTRICAL CALCULATIONS FOR 
LONG TRANSMISSION LINES 

93. Distinction between Line Regulation and Voltage Drop.— 

The inherent regulation of sliOi*t lines was discussed in Art. 84, 
Chi^p. IX (refer also to Example 23, p. 251). If F = pressure at the 
sending end and E — pressure at the receiving end of a trans¬ 
mission line, the percentage drop of pressure is 

V — E 

Per cent pressure drop = —— X 100 

Jb 

and this is also the line regulation when the effects of line capacity 
are so small as to be negligible. On long high-voltage lines, there 

A 



Fig. 106.—Vector diagram showing pressure rise at end of long unloaded lino. 

is an appreciable component of the total current which leads the 
voltage by one-quarter period, and as the phase of the e.m.f. 
induced by this current component lags one-quarter period behind 
the current, it will be in phase with the e.m.f. which produces the 
charging current. Thus less pressure will be required at the 
sending end of the line than would be necessary if the capacitance 
of the line were negligible. The well-known effect of a pressure 
rise at the receiving end of a long transmission line on open circuit, 
or when the load is very light, is clearly illustrated by Fig. 106. 
In this vector diagram, the pressure at the receiving end is 
represented by the vector OB, while OA, drawn at right angles 
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to OB —in the forward direction—is the capacity current as 
calculated by formula (104). It is assumed that the load is 
entirely disconnected, and the current I, is the total current on 
the line. The voltage component required at the generating end 
to overcome ohmic resistance is BC, in phase with L, and the 
component required to balance the e.m.f. of self-induction, as 
calculated by formula (96), is CD, drawn 90 deg. in advance of 
OA. The pressure required at the generating end is CD, which 
may be smaller than OB. It is true that the capacity has been 
assumed to be concentrated at the receiving end of the line; but 
with distributed capacity, the same effect of a rise in pressure as 
the distance from the generating end increases will occur. It yrill 
be seen that this is due to the e.m.f. of self-induction of the 
charging current being in phase with the impressed voltage. If 
the lines were without inductance, there could be no pressure rise. 

The effect of capacity on the line when the distant end is closed 
on the load will depend upon the amount and nature of the 
load. If the load is heavy and largely inductive, the current 
put into the line at the generating end will be less than the load 
current, and the PR losses will, therefore, be smaller than if the 
line were without capacity. 

Regulation is defined as the change of pressure at the receiving 
end when the load is thrown off (the supply voltage remaining 
constant); the regulation of a long high-voltage transmission line 
will, therefore, usually be greater than the pressure drop. 

The rise of pressure at the end of a long transmission line is 
independent of the size and spacing of the wires. It may be 
calculated approximately as follows: 

In Fig. 106, the IR drop (CB) due to the charging current 
may be neglected, as it has no appreciable effect on the pressure 
rise {En — Fn) which, therefore, can be considered as being equal 
to the induced volts DC, By formula (104) the charging current 
is 

P = 2irfEnaCmi.L X lO"® 

where (7mf. is the capacity between wire and neutral plane in 
microfarads per mile, L is the length of the line in miles and 
Ena is the average value of the voltage between line and neutral 
plane* The induced volts are 

DC = {IX) = 2ir/L(^')L 
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where L = the inductance (coefficient of self-induction) per 
mile (see formula (110) of Art. 89), and is the average value 

/U 

of the charging current, which falls off from its maximum value 
of Ic at the sending end of the line to zero at the receiving end. 
Substituting for its value in terms of line capacity, 

{IX) = L)L-’ X 10 " 


Using for the (luantity (Cr,»f,L), an aoproximate average value of 


1 

33,000 


which is slightly loss Ilian that gi\en by formula (112), 


the pressure rise (contiuctor w neutral) of the unloaded line is 
approximately 


m = {IX) - {E,, - \\) = X 10 

This pressure lise, expressed as a percentage of the average line 
voltage, is 

Per cent rise of pressure ] 

due to permittance and = jp « (117) 

inductance of line j 


The average pressure on a long transmission line operating on 
open circuit is greater than half the sum of the sending-end and 
the receiving-end voltages, but the error introduced by putting 
Ena = yz{En + Un) is Very small, and this leads to the formula 


1 


E ==V 


1 



(118) 


which gives the relation between the voltage (/?) at the receiving 
end and the voltage (F) at the sending end of an unloaded line 
with a degree of accuracy sufficient for practical purposes. 

The regulation, on the sine-wave assumption, is equal 
to percentage line drop + 6/^L^ X 10"®, but the last term is 
negligible unless the distance of transmission (L) is great. 

As an example of the application of formula (117), the percent¬ 
age line drop in Example 24 of the preceding chapter was 17.5 
with the specified load connected to the receiving end of the 
line. The percentage rise of pressure at the end of the unloaded 
line, due to the fact that the charging current remains even when 
the load is disconnected, is approximately 6 X (60)^ X (100)^ X 
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10“® = 2.16, whence the regulation is 17.5 + 2.16 = (say) 20 
per cent. 

94. Control of Voltage on Transmission Lines. —The pressure 
drop at the receiving end of a transmission line may be compen¬ 
sated for by raising the voltage at the generating end as the load 
increases. There are obvious disadvantages to such a method of 
operation, and it is better, if possible, to regulate the voltage at 
the point, or points, where constant pressure is required. This is 
especially true of transmission lines on which there are substa¬ 
tions or branch lines at intermediate points. 

Transformers, or auto-transformers, provided with taps on the 
windings and suitable switches by which the winding ratio may 
be altered, would be economical and generally desirable if the 
adjustment of voltage with variation of load could be effected 
without large sudden variations of pressure and without inter¬ 
ruption of the supply circuit. A dial switch with comparatively 
few contacts may be combined with an induction-type regulator 
by which sudden changes in the voltage may be avoided; but 
there are also on the market devices to regulate the voltage of 
transmission lines by changing the transformer winding ratio 
without disconnecting the transformer from service or interrupt¬ 
ing the load. These devices usually involve the principle of 
transferring the load from one to another of two parallel circuits 
within the ratio-adjusting apparatus during the short interval of 
time required for shifting the contact-making switches. Care¬ 
fully designed mechanism to operate the ratio adjuster and open 
or close the circuit breakers in the proper sequence is a necessary 
feature of these devices.^ 

Voltage control is also obtainable by the induction type of 
regulator (both single phase and polyphase), which may be oper¬ 
ated by hand or automatically, and provides a smooth variation 
of voltage. These regulators are connected as “ boosters with 
their secondary windings in series with the line. Synchronous 
generators, either independently driven, or motor driven by 
power from the line itself, may also be used as voltage boosters; 
but a further and very important means of regulating the voltage 
of transmission lines is by means of any apparatus or device which 
will control the power fax^tor of the load. The manner in which 

^ A description of installations using the method of changing transformer 
taps under load for regulating the voltage will be found in a paper by 
H. C. AiaKECHT in the Jour, A.I.E.E., December, 1925. 
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changes of power factor affect the receiving-end voltage will be 
explained in a later article. 

96. Effect of Boosting Voltage at Intervals along a Trans¬ 
mission Line.—If a long transmission line, insulated for a maxi¬ 
mum working pressure of, say, 100,000 volts, can be worked as a 
100,000-volt line at all times through its entire length, it will be 
more efficient than if only a portion of it is working as a 100,000- 
volt transmission while portions farther from the generating end 
are working at (say) 80,000 volts. By installing boosters along 
the line to maintain the preswsure at or near the maximum working 
value, whatever the load ma^' be, economies may frequently be 
effected. It is true that the energy put into the line at inter¬ 
mediate points cannot bo cheaper—and, indeed, is usually more 
costly—than the energy supplied to the line at the generating 
end; but the booster system allows of the pressure being kept 


100 Ampn. 


I 6,000 • 

r-1 


£ 

15.000 20 000 

* 4 

4 

j^Load 

T 

U,- 


- 



'^Lom In Ist Section •» 500 K.W. ^ Loss in 2iid Section 600 KW. 
Fig. 107.—Method of maintaining pressure on long line. 


-Up all along the line, thus effecting economy; provided always 
that the losses in the boosters themselves, their maintenance, 
and the necessary allowances for interest and "depreciation do 
not counterbalance the saving. 

As an example, consider a single-phase line conveying a current 
of 100 amp. at an initial pressure of 20,000 volts. Suppose the 
drop in pressure in the whole length of line to be as great as 10,000 
volts; this will leave only 10,000 volts at the receiving end. 

The power put into the line at the generating end — 2,000 kw. 

The loss in the line = 1,000 kw. 

The power available at the receiving end = 1,000 kw. 

Hence, efficiency of line == 50 per cent. 

Now imagine a booster to be introduced at a point halfway 
along the line. This booster may be considered as a suitably 
insulated alternator of 500-kw. capacity, capable of generating 
100 amp. at 5,000 volts, the arrangenaent being as shown in Pig. 
107. The drop in the first section of the line is, as before, 5,000 
volts; and the drop in the second section is evidently similar— 



276 


ELECTRIC POWER TRANSMISSION 


namely, 5,000 volts—which means that the total amount of power 
dissipated in the line is the same as it was before the booster was 
introduced. But by providing this booster at the middle point 
of the line, it has been possible to raise the pressure at this point 
up to the initial value of 20,000 volts, with the result that 15,000 
volts (1,500 kw.) are available at the receiving end. The addi¬ 
tional power available for useful purposes has, of course, cost 
something to produce; but the point to be noted is this: By keep¬ 
ing up the pressure, it has been possible to transmit a greater 
amount of energy to the receiving end of the line without increas¬ 
ing the losses in the conductors. If, for the sake of simplicity, the 
losses in the booster are neglected, the line efficiency is arrived 
at thus: 


Power supplied to the line = 2,000 + 500 = 2,500 kw. 
Power lost in the line = 1,000 kw. 

Power available at receiving end = 1,500 kw. 


Line efficiency = 


1,500 


= 60 per cent. 


2,500 

Boosters may be arranged to take their power from the generat¬ 
ing end of the line; that is to say, they may take the form of 



Fig. lOS.—Transformers connected as “boosters” on transmission line. 


variable-ratio transformers, with hand or automatic regulation, 
connected up as indicated in Fig. 108. Transformers so con¬ 
nected will proAdde the additional volts at the cost of a corre¬ 
sponding loss of current. 

96. Control of Power Factor.—The advantages of operating 
alternating machinery and systems on unity power factor, when 
possible, are so well known that it will not be necessary to dis¬ 
cuss the matter here. The line losses alone—as shown in Art. 9, 
Chap. I—are inversely proportional to the square of the power 
factor. Thus, if the total CR loss in the line were 200 kw. with 
a power factor of 0.707 (by no means an impossible figure in prac¬ 
tice), this loss would be reduced to 100 kw. if the same <otaZ 
power could be transmitted at unity power factor. 
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The control of power factor is obtained by balancing any excess 
of inductive reactance with condensive reactance, or vice versa. 
With a varying load at the end of a long transmission line, the 
power factor at any given point on the line is continually changing, 
even if the power factor of the load remains constant; and the 
most convenient means of providing the reactance necessary to 
maintain a constant and improved power factor is to install 
synchronous machinery which can be made to draw leading or 
lagging currents from the line by over- or under-exciting the field 
magnets. 

Bearing in mind that power-factor control is quite as impor¬ 
tant, if not more important, than voltage control so far as the 
losses and efficiency of transmission are concerned, the arrange¬ 
ment shown diagrammatically in Fig. 109 should be preferable to 


SynchroDuuB Booster OoLtroIling 
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Fia. 109.—Control of voltage and power factor by means of synchronous 

machinery. 


the arrangements of Figs. 107 and 108. Here B is a synchronous 
generator connected as a ‘'booster’^ and provided with field regu¬ 
lation in order to control the voltage. It is direct coupled to the 
synchronous motor M, which is provided with field regulation 
in order to control the Tower factor. 

Causes and Correction of Low Power Factor .—^Lagging current 
components lower the power factor, and since all machinery or 
apparatus of which the magnetic field is produced by alternating 
currents drawn from the main system must have current compo¬ 
nents lagging 90 deg. behind the impressed e.m.f., it follows that 
every piece of apparatus of this type connected to the supply 
mains tends to lower the power factor of the system. 

Transformers, induction motors, and all magnetic devices 
operated by alternating currents draw from the system lagging 
currents which increase the total current necessary to provide a 
given maximum amount of power, and, further, have the objec¬ 
tionable characteristic of demagnetizing the fields of the a.c. 
generators. The magnetizing component of the total current in 
a well-designed static transformer is but a small percentage of the 
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total current; but in the induction motor the magnetizing current, 
even at full load, is appreciable, owing to the reluctance of the 
necessary air clearance between stator and rotor, which calls for 
a large number of magnetizing ampere-turns on the stator. The 
wattless current component in an induction motor may be between 
25 and 30 per cent of the total current in the stator windings. 

The greatly increased d.c. excitation of the generators because 
of lagging current components in the system may be thought of 
as supplying the magnetomotive force for those machines which 
are connected to the mains and require excitation, but are not 
provided with d.c. magnetizing windings. Thus, when the 
power factor of the load is low, the currents in the generator field 
windings may be considered as producing not only the flux neces¬ 
sary to generate the e.m.f. in the generator, but also as supplying 
the magnetomotive force which, by the agency of the wattless 
current, is transmitted to the machines and apparatus which 
require excitation but are not provided with d.c. field windings. 

If the induced e.m.fs. which produce lagging current compo¬ 
nents are balanced by equal but opposite e.m.fs. which tend to 
produce leading current components, the power factor of the 
system may be unity, notwithstanding the low power factor of 
much of the apparatus connected to the lines. This suggests the 
use of electrostatic condensers to draw leading currents from the 
mains. 

They may be used on small installations if they can be built 
of suflBcient capacity at a reasonable cost; but they have not the 
advantage of synchronous machinery in which the amount and 
even the direction of the ^'reactivepower drawn from the 
transmission line may be regulated by varying the field excitation. 

Synchronous motors (as in motor-generator sets and rotary 
converters, where a continuous-current load is required) and 
synchronous condensers, the latter being merely ‘‘idle” motors, 
may all be used for power-factor correction. 

It is well known that a synchronous motor when under-excited 
will draw from the a.c. mains lagging components of current 
which will provide the ampere-turns of excitation to maintain the 
flux in the air gap at the required amount. It, therefore, follows 
that if the d.c. ampere-turns are increased beyond what will 
produce the correct strength of field to provide the necessary back 
e.m.f., a leading current component will be drawn from the supply 
mains to demagnetize the field and keep it of the required strength. 
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A small additional kilovolt-ampere capacity will render any syn¬ 
chronous motor available for this service. If there are no syn¬ 
chronous motors forming part of the load of a power system, 
synchronous condensers may be provided of sufficient capacity to 
supply, with over-excited fields, the e.m.f. necessary to annul the 
lagging components of current in the system. In such a case it 
is important to study the economics of the situation to be certain 
that the expenditure on sucJi machinery will be justified on eco¬ 
nomic grounds. 

It is not always necessarj^ to bring the power factor up to 
unity, as a power factor in the neighborhood of 0.9 is not usually 
very objectionable. The very low power factors are, however, 
uneconomical and undesirable. The rotary converter—which is, 
of course, available only where continuous currents are needed— 
has a high efficiency and serves admirably to correct the power 
factor of the system. 

A large wattless current may be needed to change the power 
factor from 0.9 to unity, but only about one-quarter of this 
amount will change the power factor from 0.8 to 0.9. That is 
why it may not always be desirable to aim at improving the 
power factor beyond about 0.9. 

97. Maintaining Constant Voltage by Control of Power Factor. 
Figure 110 is similar to the fundamental regulation diagram 
Fig 102, except that the components of the total pressure drop 
which are due, respectively, to the resistance and the reactance 
of the line have been drawn separately for the ‘‘in-phase^' and 

wattlesscomponents of the total line current. Thus, if /, 
and cos B stand, respectively, for the ^^star'^ voltage, the load 
current, and the power factor at the receiving end, the IB and IX 
drops due to the ^4n-phase’' component {ON) of the current are 
MB and HM respectively. Consider, now, a short line of 
negligible capacity, and connect at the receiving end, in parallel 
with the load of power factor cos 6 , synchronous reactors 
capable of providing, by variation of field excitation, any 
desired amount of wattless^' current. Let the vector OK 
of Fig. 110 represent the amount of (leading) wattless^' 
current supplied by this phase-modifying machinery; then 
It is the total current in the line, and /« = NS = OK + NA ^ 
is the reactive component of the line current. The effect of this 

1 The quantity NA / sin being negative when the power factor of the 
load is lagging. 
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component of the line current upon the voltage regulation is 
indicated by the triangle HGD wherein GH — laR is the resist¬ 
ance drop, and DG = laX is the reactance drop. The point D 
is the end of the vector OD = Vn which is the required voltage 
at the sending end of the line. In order to have constant voltage 
at both ends of the line, it follows that if OB --- En is the constant 
voltage (line to neutral) at the receiving end, the point D of 
the vector representing the voltage (line to neutral) at the send¬ 
ing end, must always fall on the circle of radius OD = 
whatever may be the load connected across the line at the receiver 
end. The diagram of Fig. 110 shows the relation between the 
various voltage vectors for a total load equal to ‘dEnI cos 6 watts. 



Fig. 110.—Vector diagram illustrating effect of reactors in maintaining constant 

voltage. 


The current component in phase with the voltage is ON — h = I 
cos 6, and the hypotenuse HB of the triangle BMH is the imped¬ 
ance drop due to this component of the total current. In order 
that the point D shall fall on the circle of radius OD — Fn, it is 
necessary that a reactive component (/«) of the total current 
be provided of such a value that the impedance drop due to this 
component shall be proportional to the lengt h of the vector DH» 
The impedance per conductor is Z — \/R^ + X^, where R 
and X stand, respectively, for the resistance and reactance of 
one wire of the transmission line,^ and the reactive component 

1 In preceding chapters the symbols B and X have usually stood for the 
lesistance in ohms per mile of conductor. 
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of the line current must, therefore, be /« == - ^-. The 

Zi 

reactive current to be supplied by phase-modifying synchronous 
reactors connected across the line at the receiving end is OK = 
la — I sin wherein sin 6 is negative when the load power factor 
is lagging as shown in Fig. 110. 

The above explanation and diagram illustrate the principle of 
constant-voltage transmission obtained by controlling the power 
factor to prevent changes in the voltage notwithstanding varia¬ 
tions in the load at the receiving end of the line. By drawing the 
vector diagram of Fig. 110 a'^curately to scale, the length DH 
can be measured and the lequired kilovolt-ampere capacity of 
synchronous condensers calculated therefrom. This takes up 
very little time and is generally preferable to the use of formulas. 
The length DH divided by the impedance of the conductor is the 
wattless'^ component la of the line current. The total kilovolt¬ 
ampere capacity of the synchronous machinery necessary to 
maintain constant voltage, assuming OA = / to be the maxi¬ 
mum amount of current required to supply the load, will be 


Kilovolt-ampere capacity 
of synchronous reactors 


ZEnda — I sin B) 

1,000 


(119) 


It is necessary to bear in mind that sin ^ is a negative quantity 
when the power factor of the load (cos B) is lagging. When the 
quantity as calculated by formula (119) is negative, this indicates 
that a laggmg component of current must be supplied by the 
synchronous reactors. 

98. Circle Diagram for Constant-potential Lines.—The circle 
diagram of Fig. 110, which shows the relation between voltage 
vectors, may be modified with advantage to represent current 
vectors. For a given current component h which, when multi¬ 
plied by SEnj gives the true watts taken by the load on a three- 
phase transmission, it is desired to calculate the reactive 
component of the total line current which will maintain the 
condition of constant voltage at both ends of the line. If 
the vectors of Fig. 110 are divided by the impedance Z = 
\/R^ + the lines BH and HD will represent the active'^ 
and reactive” components of the line current, respectively. 
By turning around the diagram so that the (horizontal) axis of 
reference is the line BH of Fig. 110 the modified circle diagram 
of Fig. Ill, is obtained. Note that the triangles OCP and NOM 
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are similar, whence the coordinates of the center (C) of the circle 


are seen to be 


m =PC = 

(120) 

n = OP 

(121) 

The radius of the circle (sending-end voltage) is 


V 

r = CS = ^ 

(122) 



Fig. 111.—Diagram of current vectors for transmission at constant voltage. 


If it is desired to calculate the amount of the necessary reactive 
current component without drawing the diagram to scale, write 

ST 

= jvr - V(cs)* - (cfp 

— n — y/r' — {lb — to)* 


( 123 ) 
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where n, r, and m have the values as given above, and h — I cos $. 
(A positive value for la indicates a leading reactive current com¬ 
ponent as shown in Fig. 111 .)_ 

The line current is /« = \//a^ + Ib^ 


The line losses, in kilowatts, are 
efficiency^ is 


“17000 

EJb 


and the line 


input Enh + (/a^ + h^)R 


or 


EJt + 


(124) 


Exanip^ 26. Constant-voltage Transmission .—^Assume trans¬ 
mission line data as follows: 

Distance of transmission = 20 miles 
System; three-phase (three conductors) 

Frequency, / = 60 
Conductors; copper cable No. 0000 
Equivalent spacing, d = 60 in. 

Voltage at the sending end, V = 41,000 
Voltage at the receiving end, E = 40,000 
It is desired to determine (a) the kilovolt-ampere capacity of 
synchronous phase-modifiers at the receiving end to maintain 
constant voltage, and ( 6 ) the line efficiency, under the following 
load conditions, 

1. 12,000 kw. with power factor 0.85 (lagging) 

2. 2,000 kw. with power factor 0.75 (lagging) 

These loads are supposed to include the transformers at the 
receiving end of the line. The effect of charging current in this 
short line is small and will be neglected. The temperature of 
the line conductors is assumed to be 68 °F. 

The ^'star^^ voltages (line to neutral) are 


At the sending end, Vn 


£ 1,000 

V3 


= 23,700 


At the receiving end^ En = - = 23,100 


The in-phase” component of the load current is 

^ , 12,000,000 

For load 1, h 3 x~23“l00 

For load 2, /(, = 28.9 amn. 


173 amp. 


* See Art. 15, Chap. II. 
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The quantities needed for the solution of equation (123) are 
obtained as follows: 

From wire table on page 81, i? = 0.272 X 20 = 5.44 ohms. 
r>y formula (96), page 244, or chart on page 243, 

X = 0.69 X 20 = 13.8 ohms 

Til e ref ore 

Z = V(5.44)2 == 14.82 ohms 


By formula (120), 
rn = 


23,100 X 5.44 
(14.82)2 


= -572 


B^^ formula ( 121 ), 

n 

By formula (122), 
r 


23J00 ^ 13.8 
(14.82)2 ' ^ 


1,450 


23,/00 - A/wi ( 1 \ 

14 82 "" (nearly) 


By formula (123), the required reactive component of the line 
current for the load condition 1 is 

7a = 1,450 - V(i700O)2-'■(173T572)“2 = 35 amp. 

which, being positive, is a leading reactive current component. 
The (lagging) reactive current component of the load is 

7 sin (? = / cos B X tan B = h, tan B = 173 ( — 0.62) 

== —107 amp. (approximately) 

Therefore, by formula (119), the necessary kilovolt-ampere 
output of the synchronous reactors, connected in parallel with the 
load, is 

By formula (124), the line efficiency is 

1 _ [(35) ^ + (17 3)^]5.44 _ ^ 

23,100 X 173 + [(35)" + (i73l"]5.44 

For the load condition 2 , 

la = 1,460 - \/(l,600)" - (28.9 + 572)" 

= —31 amp. (a lagging reactive current component) 

Proceeding in the same manner as when calculating the condi- 
tions for load 1 , 
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Reactive kilovolt-amperes to be provided 
by synchronous reactors 


= 380 kv.-a. (lagging) 


Line efficiency == 0.9856 


In these calculations, the power losses in the phase-modifying 
machines have been neglected. The efficiency of synchronous 
condensers is high, the losses being usually below 4 per cent of 
the kilovolt-ampere rating for large units of about 2,000 kv.-a. 
size, increasing to 5 per cent for 1,000 kv.-a. units, and 6 per cent 
for 500 kv.-a. units. 

It may be well to point ovt that E.'cample 26 serves merely 
to illustrate how the required kilovolt-ampere capacity of syn¬ 
chronous reactors may be calculated; but whether or not it 
would pay to install such machinery rather than use other means 
of maintaining constant voltage at the receiving end of this short 
line is an economic problem which can be solved without much 
difficulty if the annual costs—not only of the necessary apparatus 
or machinery, but also of the power wasted in the transmission 
line and regulating devices—are known. 

When making calculations for longer transmission lines in 
which the electrostatic capacity between conductors is not negligi¬ 
ble, it is obvious that, since the charging current due to the 
capacity of the line is a leading reactive component of the total 
current, less leading current will have to be provided by the 
power-factor-correcting machinery. The problem is essentially 
similar to the one solved in the preceding numerical example, 
but the voltage, current, and power factor at the point where the 
synchronous condensers are to be installed must first be deter¬ 
mined as explained in Art. 91, Chap. IX, and the additional 
reactive component of current (whether leading or lagging) 
required to maintain constant voltage at the sending end of the 
section must then be calculated. 

--'"By instiling synchronous reactors of the required kilovolt¬ 
ampere capacity at intervals of about 100 miles on a long trans¬ 
mission line, it is possible to operate the entire line at practically 
uniform voltage regardless of the amount and power factor of the 
load. 

When a demand for power exists at intermediate points on the 
line it is often possible to install synchronous motors which may 
be used to control the power factor (and voltage); but at the end 
of the line, S3aichronous reactors are usually preferable. 
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In the case of tie lines interconnecting generating stations, the 
voltage is usually approximately the same at both ends, and the 
synchronous condensers, by controlling the power factor at one 
end of the line, serve to distribute the load in any desired manner 
between the two stations. 

The importance of voltage regulation by the aid of synchronous 
machinery which alters the power factor according to the load 
should not be over-emphasized, and alternative methods should 
always be considered and costs compared; but the use of synchro¬ 
nous reactors properly located and operated, may effect great 
savings on large high-voltage a.c. systems, as their extensive 
use on the lines of the Southern California Edison Company 
seems to indicate. It should not be overlooked that the synchro¬ 
nous machinery needs only to take care of the changes which 
occur between minimum load and maximum load conditions. 
An appreciable voltage drop in transmission at light loads, when 
the power factor is usually low because of the relatively greater 
importance of transformer exciting current components, tends 
to reduce the difference between the full-load and the light-load 
drop of pressure which has to be taken care of by the voltage- 
regulatii^ devices. 

99. £ie^trical Calculations for Long Transmission Lines.— 
In Art. 91, Chap. IX, formulas were developed for calculating 
the conditions at the sending end of a transmission line in terras 
of the conditions at the receiving end, on the assumption that the 
whole of the line capacity was shunted across the load. It was 
further shown, by dividing a long line into a number of sections, 
each with a condenser of proportionately smaller capacity con¬ 
nected across the receiving end of the section, how the conditions 
at the sending end of the line could readily be calculated with an 
accuracy sufficient for practical purposes. It is necessary merely 
to consider the number of such sections to be increased without 
limit, in order to derive formulas which represent exactly the 
conditions in a long transmission line with constant resistance, 
inductance, and capacity per unit length of the line. 

The diagram Fig. 112 represents a single wire of a long trans¬ 
mission line in connection with which the constants and other 
quantities are defined as follows: 

En =5 voltage to neutral) at the receiving end. 

Vn - voltage (line to neutral) at the sending end. 
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E « voltage (line to neutral) at any point P situated I miles 
from the receiving end. 

J = amperes of current at the point P. 

Ir = amperes of current per conductor at the receiving end. 
= amperes of current per conductor at the sending end. 

R == resistance per mile of conductor (ohms). 

X = reactance per mile of conductor (ohms). 

Z = impedance per mile of conductor (ohms), Z = R + jX. 

G = shunted leakage conductance (line to neutral) per 
mile (mhos)^ being the ‘‘active” component of the 
admittance. 

B = shunted capacity susceptance (line to neutral) per 
mile (mhos), being the ‘‘reactive” component of the 
admittance. 

Y = shunted admittance (line to neutral) per mile (mhos), 
Y^G+jB. 

L = length of transmission line (miles). 



Neutral Plane 


Fig. 112.—^Diagram representing single conductor of long transmission line. 

At any point P on the line at a distance I from the receiving end, 
consider an element of length dl The difference in potential 
between the two ends of this section is 

dE = iZdl 

whence 

= iZ (125) 

in which Z is a constant. 

The change in the current is 

di = EYdl 

whence 

ir - EY (126) 

at 

^ This is the conductance of the current paths over insulator surfaces and 
also through the air when the voltage is so high that the losses due to corona 
are appreciable. These current losses are very small on practical lines under 
normal working conditions, and may usually be neglected. 
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in which y is a constant. Differentiating with respect to 

dH ^ydE 

dr- ^ 


I, 

(127) 


Substituting (125) in (127), 

d'M 

dr 


= {yz)t 


(128) 


Proceeding in a similar manner for change of voltage, the 
corresponding differential equation is found to be 

= {YZ)E (129) 


These are the two fundamental equations for long transmission 
lines with uniformly distributed resistance, inductance, capacity, 
and leakage. The solution of equation (128) or (129) is given in 
any book on differential equations, and also in several textbooks 
on the theory of alternating currents.^ The following forms of 
the solution are convenient in connection with power transmis¬ 
sion line calculations. When the voltage and current conditions 
at the receiving end are known: 

Vn = En cosh WYZ + iryjy WYZ (130) 

/. = ir cosh WYZ + E„^^ sinh Ly/YZ (131) 

When the assumed or known conditions are at the sending end 
of the line, the equations take the form 

En = F„ cosh LVYZ - i.yj^ sinh Ly/YZ (132) 

ir = i. cosh WYZ - sinh Ly/YZ (133) 

Although these formulas are simple in appearance, it should be 
noted that Y and Z are complex quantities with both real and 
imaginary components, and the hyperbolic sines and cosines in 
the formulas cannot be read directly from tables of hyperbolic 
functions. The following article will explain how these equations 
may be solved, both with and without the aid of tables of hyper- 

^See Magnusson, C. E. ^‘Alternating Currents,McGraw-Hill Book 
Company, Inc.; also Pjbjbnot, F. E., “Electrical Phenomena in Parallel 
Conductors,John Wiley & Sons, Inc.; and Steinmbtz, C. P., “Transient 
Phenomena/’ McGraw-Hill Book Company, Inc. 
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bolic functions; but if the reader has any difficulty in using the 
so-called exact formulas for determining the conditions at one 
end of a transmission line in terms of the given or assumed condi¬ 
tions at the other end, he should use the method of Art. 91, Chap. 
IX, which, as previously mentioned, gives results of which the 
accuracy is quite sufficient for practical purposes. 

100. Solution of Exact Equations for Long Lines. Transforma¬ 
tion Formulas.—Hyperbolic sines or cosines may be expressed in 
exponential form, or in the foxTn of a con\ergent scries. Thus 


But 

whence 


sinh XI - A<e- — e* ') 


cosh u ~ + € ’^) 

A 


u t _1_ _1_ 

€ 1 + M + j 2 + 1.2.3 + 1.2-3-4 ■ 


sinh M = u + |o + ,c + I- + . . . 

M E li- 


, ir , ir 


cosh w = 1 + + I, + . . . 

12. li l!l 


(134) 


(135j 

(130) 

(137) 


By using the symbols A"j, Kn, and Kr for the three constants in 
equations (130) to (133), ard making the proper substitutions, 





{UYzy 

720 + ■ • ■ 

(138) 

if« - ^ 




{UYzy ] 

5,040 T" • J 

(139) 

Ka=^ 

sinh WYZ = Lf[i + + 



{L^YZy 

■' 5,040 '^ ■ ■ ' 

(140) 


The numerical values of these expressions for the constants Ka, 
Kn, and Kc could easily be calculated either by referring to 
tables of exponentials or hyperbolic functions, or by using the 
convergent series and including as many terms as might be 
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required, if Y and Z were simple numbers. But, in a.c. transmis¬ 
sion problems, both Y and Z are complex quantities, a fact which 
adds considerably to the labor of solving problems by means of 
the formulas (130) to (133). 

Hyperbolic Functions of Complex Quantities. —Since Y and Z are 
vector quantities, they may be expressed by complex numbers. 
Thus, the quantity Ly/YZ, which is known as the propagation 
constant or attenuation factor of the line, may be written 


WYZ = LV{G~+ jB) (R + jX) (141) 

and which is known as the surge impedance of the line, may 


be written 


= V(ii: + jX) 4- (G +jB) 


(142) 


The square root of the product of two vector quantities is also 
a vector quantity, and it will be necessary, therefore, to obtain 
the hyperbolic sine and cosine of a vector quantity which may be 
expressed either in terms of rectangular coordinates as (u + jti) 
or in terms of polar coordinates as rjBj where r is the length or 
size of the vector and 6 is the angle between the vector and 
the axis of reference, being frequently referred to as the “slope 
of the vector. (In order to convert degrees into radians, multiply 
by T and divide by 180.) 

Although tables of complex hyperbolic functions are available,^ 
they should preferably be used only by those who have a thorough 
understanding of their mathematical basis and are familiar with 
their use. Moreover, since an enormous number of values would 
have to be included in order to cover all possible combinations 
of the components u and v in the expression {u + jv), it is usually 
necessary to resort to interpolation which is not only tedious, 
but likely to introduce errors when attempted by those who 
have not thoroughly familiarized themselves with the methods 
by constant use of the tables. 

Since any one accustomed to the ordinary trigonometric 
tables can also use tables of hyperbolic functions of simple 

^Kennielly, a. E., ^'Tables of Complex Hyperbolic and Circular Func¬ 
tions,^' Harvard University Press; also Cohen's '^Formulae and Tables 
for the Calculation of Alternating Current Problems," (Table XX), McGraw- 
Hill Book Company, Inc. This table is taken from Mzlleb, W. E., ^‘Trans- 
mifiision Line Problems," (ren. EUc. Rev^, Supplement^ May, 1910 , 
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numbers/ it is generally advisable to express the hyperbolic 
sines and cosines of complex quantities in the following forms: 
sinh {u ± jv) == sinh u cos v ± j cosh w sin 1 /i^ov 

cosh {u ± jv) = cosh u cos v ± j sinh sin v / ^ 

Before illustrating the use of the “exact” formulas for trans¬ 
mission lines by means of numerical examples, a few words about 
the handling of vector quantities (including j terms) may not be 
out of place. A term preceded by the symbol j is a vector com¬ 
ponent at right angles to the axis of reference, t.c., to the “real” 
component of the complex quantity. When adding or subtract¬ 
ing vector quantities, it is nec^sary, therefore, to keep “real” 




Fig. 113.—Two vector quantities in the same plane. 

terms and “imaginary” or j terms separate. Thus, the summa¬ 
tion of the two vector quatities of Fig. 113 is carried out as follows: 

Vi = +ai +j6i 

_+F 2 = +Q2 + _ 

sum (T^i + V 2 ) = (ai + Ui) + j(bi '+ bi) 

The simple rules of algebra apply to the multiplication and 
division of vector quantities, bearing in mind that j = \/—1. 
For performing these operations, however, it is generally pref¬ 
erable to express the vector quantities in polar coordinates. 
Thus, the size of the vector V 1 is the length OPi =« \/a/ + and 

its slope is 61 = tan”^ (aO’ polar form, 

Fi = FiM 

^ A table of real hyperbolic functions—that is to say, functions in which 
the component jv in the complex quantity (m -f jv) is equal to zero— 
is included in Kenneixy’s ‘^Tables of Complex Hyperbolic and Circular 
Functions.” A very complete table of the logarithms of real hyperbolic 
functions is included in Pernot^s Electrical Phenomena in Parallel 
Conductors.” Values and logarithms of hyperbolic functions are given in 
'Togarithmic and Trigonometric Tables,” The Macmillan Company. 
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Similarly, 

Fs = F2M 

To obtain the product of one plane vector by another, multiply 
their sizes and add their slopes. Thus, the product of Fi and F 2 , 
expressed in polar coordinates, is 

(Fi X F 2 )/+ ^2 
where Fi = 

and Fo = a/ a-/ + 62 ^ 

Applying this rule to the process of involution, 

(Fi V,r = (F, X v,y^/n(e, + 6,) 

To divide one vector by another, divide their sizes and subtract 
their slopes. Thus, the ratio of Fi to F 2 , expressed in polar coordi¬ 
nates, is 



Example 27, Electrical Calculations Using Formulas Rased on 
Uniformly Distributed Capacity .—It is proposed to use the same 
data as in Example 24, Chap. IX, in order that the results 
obtained by using the exact formulas may be compared with the 
results of calculations based on the assumption of the total line 
capacity concentrated at a point midway between the sending 
and the receiving ends of the transmission line. The known 
quantities are 

Three-phase transmission at 60 cycles, / = 60 
Length of line, L = 100 miles, 

Ijoad = 22,000 kv.-a 

En = 50,810 volts (wire to neutral at the receiving end) 

If = 144.5 amp. (current per conductor at the receiving end) 
cos 6 = O.S lagging (power factor of load) 

R = 0.272 ohm ) 

X = 0.762 ohm [ per mile of single conductor 

JS = 5.6 X 10 ~® mhos J 

In order to calculate the sending-end voltage (Fn) and current 
(/,), use the formulas (130) and (131) which may be written: 

Fn = Kjn + KbL (130a) 

and 

/. = K^ir + (131a) 
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where Ka, Kb, and Kc are complex quantities of which the 
values are given by formulas (138), (139), and (140). It will, 
therefore, be necessary to calculate the line impedance Z, the 
shunted admittance Y, and the product YZ. The impedance 
in ohms per mile is 

Z = 7? + jX 
= 0.272 + jO.762 


which, in terms of polar coordinates becomes 
Z = V(0T27~2)2'+ (0.762)ytan-> 
= 0.809/70^2iT 


(o) 


The shunted admittance in mhos per mile is 
Y = G-YjB 

but since the leakage conductance G is so small as to be negligible, 
put 6 = 0, whence 

y = 0 + jfi = +;5.6 X io-« 

In terms of polar coordinates, 

y = 5.6 X 10-«|90° (6) 

The product of (a) and (6) is 

yZ = (0.809 X 5.6 X 10-«)/70'’ 20^+ 9^ 

=4.53 X 10-«\160° 20' . (c) 

The propagation constant of the line is 

LVYZ = 100\/4y53 X 10-«/i^^(160° 20') 

= 0.21 3/80° 10' .. ■ (d) 

which, in complex notation becomes 

LVYZ = 0.213 cos 80° 10' + /0.213 sin 80° 10' 

= 0.0364 + /0.21 (e) 

The surge impedance is 




80 9/70° 20' 


6 X 10-«[90 
= -y/o.1445 X 10^'V9^^ 
= 380\9° 50' 


(/) 


Using the formulas (143) to calculate the hyperbolic sine and 
cosine of Ly/ YZ 

Ka - coBhLy/YZ =>= cosh (0.0364 + iO.2]) 

= (cosh 0.0364) (cos 0.21) + j/sinh 0.0364) (sin 0.21) 
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Note that 0.21 radian = = 12® 

TT 


whence Ka = (1.0007 X 0.978) + i(0.0364 X 0.208) 

= 0.979 + j0.00757 (jg) 

= 0.97 9/0° 2 7' 

Similarly, 

sinbL-s/yZ = (sinh 0.0346) (cos 0.21) +/(cosh 0.0364)(sin 0.21) 
= 0.0356 + i0.208 

= 0.211 /80® 17^ {h) 


whence, by formula (139), 

Kb = (380 X 0.211)/ -9®50' + 80° 17^ 
= 80 . 2 / 70 ^^ 


Also, since 


by formula (140), Kc 



yjY 


^ 0.211/80° 17' 
380\9° 

= 0.000555 \90° 7' 


(f) 


(i) 


Solving for the vectors Vn and /»by formulas (130a), and (131a), 
and using the direction of the vector En as the axis of reference, 
En = 50,81 0/0° 0^ 

and 

ir = 144, 5/ cos ~^ 0.8 lagging 
= 144.5\M° 5F 

whence, by (130a), 

Fn = [(0.979 X 50,810)/0° 27'] + [(80.2 X 144.5) 

/70° 27' - 36° 53" 

= 49,700/0° 27' + 11,58 0/33° 34' 

= [49,700 cos 0° 27' + 11,580 cos 33° 34'] +i[49,700 sin 

0° 27' + 11,580 sin 33° 34'] 

= 59,350 + j6,810 

The angle (“slope”) of the vector F„ is tan"‘ = 6° 33 

in advance of the receiving-end voltage E„. 

The length (“ske”) of F„ is 59,350 + g ^^^ r So 

59,740 yolt s^ (k) 

^ Calculated by the convenient approximate formula foraolving \/oM^ 
when h ia small in relation to a. See footnote on p. 89. 
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The current in the line at sending end, by formula {131a), is 
i. = [(0.979 X 144.5)10° 27 - 36° 53] + [(0.000555 X 

50,810)j90° 7'j 

= 114 - j55.9 

The “slope” of the vector 1^ is tan“‘ —vrj— = 26° 6' lagging 


behind the receiving-end voltage. 
The “ size ” of the vector 7, is — 


127 amp. 


JL XXV/ oxiyv/ Uixt. VV/V/UVJX J. Jt iO r*/ - X X./ I £1>XXXL/. 

COS 26 6 

The relative positions of the vectors representing sending-end 
and receiving-end conditions shown in the diagram Fig. 114, 



Fig. 114.—Vector diagram illustrating Example 27, 


from which it is seen that the power factor at the sending end of 
the line *s 

cos 09 — cos (6° 33' + 26° G') = 0.842 (lagging) (Z) 

The line losses will be the difference between the power put in 
at the sending end and the power taken out at the receiving end; 
thus, 

Kilowatts per phase at the sending end == 

Vnis cos $9 = 59.74 X 127 X 0.842 = 6,380 

Kilowatts per phase of the receiving end = 

EJr cos 0 = 50.81 X 144.5 X 0.8 - 5,870 
Difference = PR loss per conductor = 510 kw. 

whence the total full-load transmission losses are 

510 X 3 = 1530 kw. (m) 

The line drop per phase is 
59,740 — 60,810 = 8,930 volts, or 17.55 per cent of 

the receriving-end voltage (n) 
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Comparing the results as given by (A;), (Z), (m), and {n) with the 
solutions obtained by the approximate method of Example 24, it 
is seen that there is no appreciable difference in the sending-end 
voltage and, therefore, in the percentage line drop. The actual 
line losses are 1.8 per cent greater than as indicated by the approx¬ 
imate calculations, but both methods of calculation give practi¬ 
cally the same value for the power factor at the sending end of 
the line. This close agreement between the two methods of 
calculation was to be expected since, as previously mentioned, the 
use of the exact ’’ hyperbolic or equivalent formulas is an unneces¬ 
sary refinement except in the case of very long transmission lines. 

Example 28. Calculation of Constants Ka, Kh^ and Kc without 
Reference to Tables of Hyperbolic Functions. —By using two or 
more of the terms in the convergent series, the constants as given 
by formulas (138), (139), and (140) may be calculated without 
using tables of hyperbolic functions. As an example, calculate 
Kbj using the data of the preceding Example 27. 

By formula (139), 


The length of the transmission line is L = 100, whence 
from (a) of Example 27, LZ = 80.9/70° 20' 
from (c) of Example 27, L^VZ = 0.0453 XlGO^^ 20' 

Computing first the quantity in brackets by which the impedance 
LZ has to be multiplied: 

First term 

(expressed in complex notation) = +1.00000 + jO.OOOOO 

Second term: 
f 2yy 

= 0.00765 \160^' = -0.00711 + j0.00254 


Third term: 

(L^VZ)^ ^ (0.0453)* 
120 


y2(160° 200 


120 

= 0.000017l\39° 20' 
Total 


= +0.00001 - jO.OOOOl 
= +0.9929 + ;0.00253 


The “slope” of this vector quantity is 


tan~’ 


253 
99,m 


0 “ 8 ' 
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and since the ^^size^' of this vector is approximately the same as 
the ^^rear component, 

Kb = (80.9 X Q.993 )X7Q° 20^ + 0° 8^ 

= 80 . 3 ^/ 70 ^^' 


which checks as closely with the value calculated by the hyper¬ 
bolic formulas as should be expected, seeing that the multiplica¬ 
tions and divisions have been made on a 10-in. slide rule. It 
will be seen that the third term, immlviiig the sf^uare of {YZ) is 
negligible, although it is U8U.a]ly desirable to include this term 
when making calculations on IL^es of 200 miles or more in length. 
Only in very rare instance>fc, is it necessary to include the fourth 
term, involving the cube of (YZ)j and then only when calculating 
the constant Ka (formula (138)) for which the series converges 
less rapidly than for the other two constants. 

Example 29. Open-circuit Conditions on Long Transmission 
Line .—Given a OO-cycle three-phase transmission line 300 miles 
long consisting of three copper conductors of 500,000 circular 
mils cross-section, with equivalent spacing of 10 ft. and a pressure 
of 88,000 volts between wire and neutral at sending end of line; 
calculate 

1 . The voltage (line to neutral) at the receiving end, under 
open-circuit conditions. 

2 . The current per wire at sending end of line. 

3. The losses per conductor. 

The known quantities are 

Conductors, 500,000 circular mils stranded copper 

Spacing, d = 17 ft. = 192 in. 

Length of line, L = 300 miles 

Frequency, / = 60 

From table on page 81, the diameter of the conductors is found 
to be 2r = 0.813 in., and the resistance of one conductor is 
(RL) == 0.115 X 300 = 34.5 ohms 


From chart on page 243, for a' 


1 ^ 

0.813 


and/ = 60, 


(XL) = 233 ohms 


By formula (109) the capacity (wire to neutral) is 

^ 0.0388 rk m f *1 

Cm =-7 i 92 T 0.0145 mf. per mile, 

(aSoe) 
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whence the capacity susceptance (one conductor to neutral) is 
(BL) = 2t X 60 X 0.0145 X 10-“ X 300 = 1.641 X 10"* mho 
Referring to the formulas (130) and (131), and putting /r = 0 
because the circuit is open at the receiving end, 

E 

" cosh LVYZ V 


E„^sinhV'YZ ^ 


The calculation of the required line constants is carried out as 
explained in Examples 27 and 28, either with the aid of tables of 
hyperbolic functions or by using the convergent series; the results 
are given below: 

The attenuation factor, L \/ YZ ~ 0.04524 + j0.6195 
cosh L V~YZ = 0.815 + j0.027 
sinh L VYZ = 0.037 + i0.581 
= 0.582 /86° 2T 


The surge admittance -y ^ is the reciprocal of the surge imped¬ 
ance and may, if desired, be written 


379\4° 10' 

As an illustration of how the division of complex numbers 
may be carried out without first converting numerator and 
denominator into polar form, 

p _ _ 88,000 + jO.OOO 

" cosh WYZ 0.815+ ^0.027 

In order to eliminate the j term from the denominator, multi¬ 
ply both numerator and denominator by 0.815 — y0.027; thus 

E _ 71,700 — j2,380 

~ (0.815)* + (0.027)* 107,600 ;3,670 

which, in polar form, becomes 

=* 107^700 \l* 54' (lagging behind Yn) 
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The charging current at the generating end is 
7. = En-^i^sinhLx/YZ 

Vf 


(107,700X1“ 540 (0.582 X86° 21 0 



= 165 X88° 3 7'(leadiDg y„) 


The power factor at the sending end of line is cos dg = cos 88° 
37' = 0.2414, and the line losses per conductor are, therefore, 
88 X 165 X 0;?411 === 350 kw. 

101. Approximate Formtilas for Calculating Open-circuit 
Conditions on Long Lines.--In Art. 93, the relation between 
sending-end and receiving-end voltage was calculated on the 
assumption that the drop of pressure due to conductor resistance 
is negligible, and that the rise of voltage due to e.m.f. induced by 
the capacity current is directly proportional to the distance from 
the sending end. With the further assumption that the flux of 
induction inside the material of the conductor is negligible in 
comparison with the magnetic flux which surrounds the conductor, 
the receiving-end voltage was found to be 


En = Vn 


\ + of V' 

^ V 100,000/ 

1 _ 3 / V 

Vl00,000/ . 


where En and Vn are the voltages (line to neutral) at the receiving 
and the sending ends, respectively, / is the frequency, and L is the 
length of the line in miles. 

Amperes of Charging Current at the Sending JS'/id.—The rise of 
voltage from Vn to En is generally as indicated on Fig. 115, and 
the current /« at the sending end of the line is the product of BL 
and the average voltage, which would be j-iiVn + En) if the dotted 
straight line were the correct representation of the voltage changes 
along the line; but it is actually more nearly equal to I'iiVn + 
2En). Thus 

7 . = g (F„ + 2En)(BL) amp. (144) 


which is the approximate value of the charging current at the 
sending end of the line, on the assumption of a sine wave of e.m.f. 
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Losses Due to Charging Current —The DR losses, in watts per 
conductor, due to the charging current in a line which is open 
at the receiving end, are equal to the average value of the square 
of the charging current multiplied by the line resistance. If the 
voltage were constant at all points of the transmission line, 
the charging current would decrease in direct proportion to the 
distance from the sending end. Thus, at a distance x miles from 

the receiving end, the current would be ^ and the average value 

of the square of the charging current would be 



Actually, the current falls off generally as indicated in Fig. 115, 
and the average value of the sejuare of the current will be some- 



Fig. 115.—Distribution of voltage and charging current on long transmission 
line (open-circuit conditions). 


what greater than one-third of the square of as calculated by 

Vn 4 " 

formula (144). By using the quantity —~ as an approxi¬ 
mation for the square root of the average square of the voltage, 
the following result is obtained for the approximate DR loss, in 
kilowatts per conductor of an open-circuited transmission line, 

Kilowatt loss _ RL f /+ 4JSJn\ or "I ^ n ^ 
per conductor ““ 3,000 Lv 6 ^ ^ 

The approximate formulas (118), (144), and (145) will yield 
results of an accuracy sufficient for practical purposes in caleulat- 
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ing the effects of capacity on lines up to 400 miles in length, which 
is considerably longer than a single section, without branches or 
tappings, of any high-tension line now in operation or likely to 
be erected in the near future. 

Example 30. Application of Approximate Formulas to Cal¬ 
culation of Open-circuit Conditions on Long High-voltage Lines .— 
Given the following particulars relating to a three-phase high- 
voltage transmission,^ calculate (a) the voltage at the sending 
end, (6) the current at the sending end, and (c) tlie HR loss per 
conductor due to the cl^arging curient. 

Length of line, L == 400 

Conductoi^, 636,(X)0 circular iuils stranded aluminum 

Equivalent spacing, rf — IT ft. 

Resistance per conductor, RL ~ 58.8 ohms 

Capacity susceptance (conductor to neutral) BL = 2.212 X 
10 “'^ mhos 

Pressure, line to neutral, at the receiving end, En — 80,830 
volts 

Frequency, / = 60 

Calculations: 


100,000/ 100,000 / 

( 1 — 0 173 \ 

r, r 57,000 + 2(80,830) ^ ,,, 

By (144), I. = Togo ' X 2.212 = lei amp. (6) 

B nAK^ jr 58.8 r/57,000 + 4(80,830)\ 2.212f . 

By (145), Kw. - -- 555 (c) 


The solutions as worked out by the “exactmethod, using 
the hyperbolic formulas are 

(a) Vn = 54,494 volts 

(b) L = 158.3 amp. 

(c) HR loss = 545.8 kw. per conductor 

With shorter lines, the errors introduced by using the approxi¬ 
mate formulas become smaller. For the 300-mile line of Example 
29, the results as calculated by the approximate formulas are 
En = 107,000; L = 165; kilowatts per conductor = 330. With 


^ Data and exact solutions of problem are taken from Nesbit's, 
^‘Electrical Characteristics of Transmission Circuits,’’ Westinghouse 
Electric and Manufacturing Company. 
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the aid of a slide rule, all three calculations can be made within a 
quarter of an hour, and the results do not differ appreciably from 
those obtained by using the hyperbolic formulas. The solutions 
as worked out in Example 29 are En = 107,700; Is = 165; 
kilowatts per conductor = 350 

The engineer who has a problem to solve is interested in getting 
results with a reasonable degree of accuracy in the shortest 
possible time and by using the simplest methods available to 
accomplish his purpose. The mathematician is interested in 
obtaining exact solutions to problems in connection with which 
he has usually been compelled to make sundry assumptions which 
may or may not invalidate the practical value of the ‘‘ exact 
solutions he obtains. In the hands of the mathematician, the 
hyperbolic transmission line formulas furnish an elegant and 
almost perfect means of predetermining the electrical conditions 
in circuits consisting of long parallel wires, and there are many 
problems which cannot properly be solved by other methods. 
The engineer who is familiar with the meaning and use of the 
hyperbolic formulas may prefer to use them in determining the 
pressure, current, and power factor under various assumed load 
conditions in line sections over 200 miles long; but, generally 
speaking, he is wasting time. An engineer who is not familiar 
with the meaning and use of the hyperbolic formulas should most 
decidedly avoid them, not merely because of the labor involved, 
but also because of the greater probability of errors. The main 
reason why the application of the hyperbolic formulas is tedious 
and apt to introduce errors is the lack of complete tables giving 
values for the attenuation factor, surge impedance, and hyper¬ 
bolic functions of complex numbers without the necessity of 
interpolation. It is true that a great many graphical methods 
are available, but unless curves and charts are used constantly, 
they will not appreciably shorten the time required for the 
computations. 

Whether or not the “ exact or approximate methods of cal¬ 
culation are used, the assumption of a sine wave of e.m.f. is 
generally made, and since the actual e.m.f. wave will usually cause 
the value of the charging current to be from 5 to 15 per cent 
greater than if both e.m.f. and current were sinusoidal, the practi¬ 
cal advantage, if any, of carrying out the calculations by the 
* ‘ exact method to include five or six significant figures is not 
obvious. If mathematical refinements, purporting to give 
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results with an error not exceeding a small fraction of 1 per cent, 
are to be used, all known conditions likely to affect the results 
should be taken into account. Yet it is customary to assume the 
amount of the leakage currents between wires to be zero, not only 
because this is much smaller than the charging current, but also 
because it is difficult to estimate. Leakage through corona 
depends to some extent upon weather conditions and to a very 
large extent upon the voltage, while leakage over insulators varies 
between wide limits accoraing to the surface condition of the 
porcelain. It is partlv because the so-called exact formulas 
cannot take account of these variations that it is customary to 
assume the entire absence of leakage currents. 

This book is written for engineers, that is to say for those who 
have developed or who are developing what is known as '^engi¬ 
neering judgment,” and this includes a knowledge of the degree 
of accuracy which is desirable in engineering calculations, or the 
relation between the probable error due to the method of calcu¬ 
lation and the probable inaccuracy of the given or assumed data 
upon which the calculations are based. The engineer who is 
without the mathematical knowledge and practice which would 
enable him to use hyperbolic formulas for long lines advanta¬ 
geously need not despair of being able to design an entirely satis¬ 
factory high-voltage transmission line and to predetermine its 
performance under normal operating conditions with the needful 
degree of accuracy. 

102. Circle Diagram for Constant-potential Transmission 
Taking Accoxmt of Distributed Capacity.—In Art. 98, the circle 
diagram (Fig. Ill) w^as developed. It gives the relation between 
current (or power) vectors necessary to maintain constant 
voltage at both ends of a line when the effects of the charging 
current are so small as to be negligible. Following the same 
method as in Art. 98, circle diagrams for long lines, based upon 
the exact” hyperbolic formulas, may be drawn, and these are 
often useful since it is easy to read from them the reactive amperes 
(or kilovolt-amperes) which must be provided by synchronous 
phase-modifying machinery. As an illustration of how this may 
be done, Fig. 116 shows the development of a circle diagram which 
gives the relation between active^' and ^'reactive” components 
of the current at the receiving end of the line, in order that con¬ 
stant voltage may be maintained at the sending end of the line. 
In this particular diagram, the constant voltage E at the receiving 
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end has the same value as the constant voltage V at the sending 
end, but this equality is not necessary. 

The exact formula giving voltage at the sending end of a 
transmission line in terms of voltage and current at the receiving 
end (as given in Art. 100) is 


where 


and 


Vn = + K,lr 

A', = coKh WYZ 

. , iU-YZ) , {IZ-YZY 
= 2 + 24 + 

A'„ = HinhW YZ 

I (IYYZ) (L^YZY 
= L/|1+ G-+ J2() + 


(I30u) 

(13X1 


(139) 


This relation is indicted in Fig. 116 where the vector OD = l^, 
is seen to be equal to the sum of the two vectors 00' — (KaE,^ 
and O'D — (IrZi). The symbol Zi has been used in place of the 
constant Kb in order to indicate clearly that this multiplier is 
simply a fictitious impedance which, in short lines, does not 
differ appreciably from the impedance LZ, but of which the 
value has to be determined by formula (139) when using the 

exact method of calculation on lines several hundred miles long. 

In order to study the ‘‘reaF’ and ^‘imaginary’’ components 
of the load current /r, express the voltage vectors of the diagram 
Fig. 116 in terms of their ^Tn phase'' and components, the 
axis of reference being OB — En- Thus 

Vn = E\ + jEn + (h + jIa){R^ + jX{) (146) 

The symbols in this equation have the following meaning: 

Vn = voltage (line to neutral) at sending end of line; 

Eb and Ea = the ‘^real" and ^Tmaginary" components, 
respectively, of the vector (KaE^) which is the voltage that would 
be required at the sending end of the line to produce En volts 
(line to neutral) at the receiving end under open-circuit condi¬ 
tions (i.e.f when the current Ir at the receiving end is equal to zero); 

Ih and la = the ^^real" and ''imaginary" components of the 
receiving-end current Ir] 

Ri and Xi = the fictitious resistance and reactance, respec¬ 
tively, per conductor, being the components of the fictitious 
impedance Zi = Kb- 
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Multiplying out equation (146) and rearranging the terms, 

Vn = + hR^ - /„Xi) + j{Ea + hX, + Ui,) 

as indicated graphically in Fig. 110. If all the vectors in this 
diagram are divided hy Zi, the result is a circle diagram of current 
vectors in which the length HD divided by Zj will be a measure of 
the reactive compoiumt la of current necessary at the receiving 
end to maintain constant \oltage when th(' ^‘in-phase’' compo¬ 
nent of the load (‘urrerit is lu ^ 

i 



Fi(j. 116.—Vector diagram for constant voltage transmission taking account of 
distributed capacity. 


The procedure necessary to transform the vector diagram of 
Fig. 116 into a more convenient diagram with O'X as the hori¬ 
zontal axis of reference and O'Y as the vertical axis is similar to 
that which was explained in Art. 98 when deriving Fig. Ill 
from Fig. 110. The position of the center of the circle relative 
to the new axes is easily located by noting the similarity of the 
right-angled triangles of Fig. 116 in which equal angles have been 
marked. When all the vectors of the diagram have been divided 
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by Zi, the resulting circle diagram will be generally similar to Fig. 
Ill except that the radius of the circle and the location of its 
center are determined by the following quantities: 

m = PC (in Fig. Ill) = — (120o) 

n == OP (in Fig. Ill) (121a) 

r = CS (in Fig. Ill) = (122a) 

If it is desired to express the quantities as read off the circle 
diagram in terms of kilowatts or kilovolt-amperes of a three- 
phase transmission, it is necessary merely to multiply the quanti- 

3jB 

ties indicating amperes of current by 

l.UUU 



CHAPTER XI 


CORONA—ABNORMAL PRESSURE RISES—LIGHTNING 

ARRESTERS 

103. Formation of Corona and Accompanying Losses of 

Power.—When the pressure cn an overhead transmission system 
exceeds a certain critical depending upon the spacing and 

diameter of the wires, there will appear on the surface of the con¬ 
ductors a halo-like glow to which the name ‘^corona’' has been 
given. Apart from this luminous effect, the appearance of the 
corona is accompanied by a certain loss of power proportional to 
the frequency and the square of the amount by which the pres¬ 
sure between conductors exceeds a certain value known as the 
disruptive critical voltage. If the distance between outgoing and 
return conductors is comparatively small (less than fifteen times 
the diameter of the wire) there will be a spark-over when the dis¬ 
ruptive critical voltage is reached; but with the greater separation 
such as occurs on practical high-tension transmission lines, the 
effect of the high potential at the conductor surface is to break 
down the resistance of the air in the immediate neighborhood of 
the conductor surface. A luminous cylindrical coating of air, 
acting as a conductor of electricity, is thus formed, the diameter 
of which will depend on the amount by which the actual value 
of the applied potential difference between wires exceeds the 
disruptive critical value of the potential difference. The result 
is equivalent to an increase of the diameter of the conductors, 
thus raising the value of the voltage necessary to break down new 
concentric layers of surrounding air, until it is approximately equal 
to the voltage impressed on the wires. 

Suppose that a cylindrical wire of radius r is surrounded by a 
concentric metal cylinder of internal radius R and that there is a 
potential difference of E volts between the rod apd the cylinder; 
then, by formula (86) of Art. 73, Chap. VIII, the potential grad¬ 
ient at the surface of the wire will be 

E 

r log.— 

807 


G 


( 86 ) 
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The corresponding formula for parallel wires is 



where d is the distance between centers of wires and En is the 
pressure, in volts, between wire and neutral plane. 

The breakdown gradient is about 30 kv. per centimeter, and it 
follows, therefore, that the voltage which will cause this critical 
gradient at the surface of the wire is 

£’omax. = 30r loge ^ kv. 

r 

where d and r must be in centimeters. 

This voltage is not high enough to produce a visible corona, 
because immediately beyond the surface of the conductor and at 
any greater distance, the voltage gradient is lois than 30 kv. per 
centimeter. 

Mr. Peek^ has found that, in order to produce visible corona, 
the voltage must be raised until the breakdown gradient of 30 
kv. occurs at a distance equal to 0.301 VV cm. beyond the surface 
of the wire. This leads to the following working formulas which 
include certain correcting factors which take account of atmos¬ 
pheric conditions and the surface condition of the conductor. 
The disruptive critical voltagCj being the r.m.s. value of the pres¬ 
sure measured beween wire and neutral, is 

Eo = nio 21.1 5r log, ^kv. (148) 

in which r = radius of conductor in centimeters. 

d == distance between centers of the outgoing and return (par¬ 
allel) conductors, in centimeters, 
mo = a factor depending upon the surface condition of the con¬ 
ductor, 

= 1 for polished wires, 

= 0.98 to 0.93 for roughened or weathered wires, 

= 0.87 to 0.83 for stranded cables (average = 0.85). 

5 = density of the air referred to the density at 25°C. and 76 
cm. of barometric pressure. 
b 273 + 25 ^ 3.926 
76 ^ 273 +T 273 + t 

^ Peek, F. W., Jr., “ Dielectric Phenomena,” McGraw-Hill Book Company, 
Ino. 
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where b is the barometric pressure in centimeters of mercury, 
and t is the temperature in degrees C-entigrade. If h is expressed 
in inches of mercury and t is the temperature in degrees Fahren¬ 
heit. the density factor becomes 

’ . ^ 17.96 

° 459 + t 

(Note that when b = 29.9 and t = 77^, 6 = 1.) 

As a guide in estimating the average pressure at high altitudes, 
the following figures may be used: 

Elevation, 'sea b - 29.9 
COOO it., /' - 27 6 
1,000 ft., h =25.6 
6,000 ft., h = 2.3.7 
8,000 ft., h - 22.0 
10,000 ft., h - 20 4 
12.0fK) ft., h = IS. 9 

The luminosity, or visible halo of light surrounding the con¬ 
ductor, does not occui* unlH a higher pressure has been reached, 
the increase over the critical disruptive voltage being dependent 
upon the diameter of the conductor. Mr. Peek’s formula for the 
visual critical imltarfe (kilovolts to neutral) is 

Ev = m„21.i6r^l + loge ^ (1-49) 

where the surface factor has the same value as Wp for wires, 
and may be taken at 0.82 for a decided visible corona on seven- 
strand cables. The notation is otherwise as above. 

Spark-over -When the voltage is very high and the 

separation between wires is small, a disruptive spark may pass 
between the wires. The voltage at which this occurs is called 
the spark-over voltage, and the approximate formula proposed by 
Peek is 

( 

E. = 21.1rl 1 + ~:^^j ^ (150) 

where Es is the r.m.s. value, in kilovolts, of the spark-over pressure 
between wire and neutral. The sine wave of e.m.f. is assumed 
and the maximum voltage values are, therefore, obtained by 
multiplying by \/2 the results obtained from these formulas. 

Loss of Power Due to Corona ,—The losses which occur through 
corona are not different in kind from I^R losses; but since they 
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occur whenever a visual corona appears and may reach high 
values if the line voltage appreciably exceeds the voltage at 
which corona is first formed, the importance of designing high- 
tension lines so as to avoid excessive corona formation is evident. 

The loss of power due to corona formation is approximately 
proportional to the frequency (within the usual commercial 
range), and to the square of the excess of line voltage over the 
disruptive critical voltage. Tlie current passing from the wires 
into the air on an alternating system is an energy current in 
phase with the pressure. The formula proposed by Mr. Peek for 
calculating these energy losses is: 

= (151) 

where / = frequency 

En — transmission pressure, conductor to neutral (kv.) 

Eo = disruptive critical pressure (formula (148)) which, 
when r and d are in inches and common logarithms are used in 
place of the hyperbolic logarithms of the preceding voltage 
formulas, becomes 

Eo = 123mo5r logio kv. to neutral (148a) 

The approximate power loss under storm conditions is obtained 
by taking Eo as 80 per cent of its (virtual) value as calculated by 
formula (148) or (148a). 

Example 31. Losses Due to Corona ,—Consider a 40-mile section 
of a three-phase, 60-cycle transmission line consisting of No. 1 
seven-strand conductors spaced 6 ft. apart. Assume the average 
elevation of this section of the line to be 2,000 ft. and the maxi¬ 
mum summer temperature to be 95®F. Calculate the permissible 
operating voltage, given that the losses due to ionization (corona 
losses) shall not exceed 300 kw. 

In order to calculate the disruptive critical voltage by formula 
(148d), the following quantities are required: 

From the wire table on page 81; r = 0.164 ^ 

^ ~ ^ = 2.641 

r 0.164 ^ r 

Mo ** 0.85 
^ 17.96 
^ 459 + < 


Kilowatt loss per mile 
of single conductor 
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where b has an average value of about 27.6 as given in the 
table on page 309. 

Therefore 


whence 


^ 17.9 X 27.6 
^ 459 + 95 


0.892 


Eo = 123 X 0.85 X 0.892 X 0.164 X 2.64 = 40.4 kv. 


By formula (151), the losses per mile are 

- 40.{:.*10 * = 0.0l775(i:„ - 40.4)* 

300 

The permissible losses prr mile of single conductor are 
~ 2.5 kw. 

Therefore _ 

(E. - 40.4) - 

whence En = 52.3 kv. (line to neutral), or a voltage of 90,600 
be^een wires. 

^04. Corona Considered as “Safety Valve’* for Relief of Excess 
Voltages,—Since the rate at which energy will pass between 
lines or between lines and ground, as indicated by formula (151), 
is seen to be proportional to the square of the excess of pressure 
over the disruptive critical voltage, a small increase of pressure 
may lead to a very greatly increased dissipation of energy through 
the air. This property of the corona suggests the possibility of 
working high-voltage transmission lines at a normal pressure in 
the neighborhood of the critical disruptive voltage where the 
loss would be inappreciable. An extra-high-voltage discharge, 
due either to atmospheric lightning, or to internal causes, would 
^hen be largely dissipated in the corona itself. This may, to some 
extent, account for the fact that fewer lightning troubles are 
experienced on the very-high-voltage transmissions than on the 
lower-voltage lines. The insulation of the conductors being 
such as to withstand, without breakdown, pressures considerably 
in excess of the disruptive critical voltage of the corona, a large 
amount of oscillating energy can be dissipated in the air before 
the voltage rises to such a value as to pierce or shatter insulators 
or damage apparatus connected to the line. On the other hand, 
too much reliance should not be placed on the corona as a means 
of dissipating large amounts of suddenly impressed energy; 
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because lightning and similar disturbances, being to a great extent 
local, must discharge their power locally, and the corona losses 
over a f^hort section of the transmission line cannot under any 
circumstances be very great. ^ 

Generally speaking, a safe and economical voltage at which 
to operate high-voltage lines is up to, but not above, the disrup¬ 
tive critical voltage as calculated by formula (14S) or (I48u) 
for fair weather conditions at the highest summer temperature. 
This will lead to some power loss due to corona during storms, 
especially in hot weather. In the winter, the loss will be less. 

With the present tendency toward longer transmission distance'? 
and higher voltages, the losses due to corona may be excessive 
unless conductors of large diameter are used. I^or this reason, 
aluminum cables, with or without steel core, have been used in 
place of copper; but there is now on the market a hollow con¬ 
ductor consisting of one or more layers of copper wire spiraled 
around a light supporting core of copper of which the cross- 
section is similar to that of an I beam, but it is twisted so that 
the wel) part shall support the wire strands at frequent intervals. 

Although the increased diameter of conductor which may be 
necessary to avoid corona losses will necessarily increase the 
capacity and, thei'efore, the charging current between wires, it 
must not be overlooked that when corona does form on a wire 
of small diameter, the ionization of the air in the immediate 
neighborhood of the conductor has much the same effect as if the 
diameter were actually increased, and this leads to increased 
permittance between wires and, therefore, to a larger charging 
current.- 

106, Transient Phenomena. Abnormal Voltages. —A com¬ 
plete discussion of transient electrical phenomena caused by 
lightning, switching operations, arcing grounds, or any accidental 
disturbance of the normal steady-state operating conditions is 
beyond the scope of this book. Indeed, a complete analysis of 
the causes and resulting phenomena which lead to occasional 

^ The possibilities of designing a line or a section of line so that the forma¬ 
tion of corona may be utilized as a protection against lightning and similar 
disturbances, are fully discussed in a Paper by J. B. Whitehead in the 
Trans. A.LE.E., vol, 43, p, 1172, 1924. 

2 This effect is discussed by C. F, Harding in his paper “Corona Losses 
between Wires of Extra High Voltages,” Trans. A.I.E.E., vol. 43, p. 1182, 
1924. 
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interruptions of service on electric transmission lines is not 
possible with the present limited understanding of the subject. 
By making certain assumptions as to wave shapes and the 
electrical conditions of the transmission system at the time when 
the disturbances occur, it is possible to predetermine the effects 
due to sudden changes in the current or voltage; but the formulas 
are long and not easily applied by those not thoroughly familiar 
with the mathematics involved. In the case of an actual trans¬ 
mission system with lauformly distributed inductance and 
capacity, modified by tlie connection oi substation loads or inter¬ 
connecting lines, tue cinToe{^ nredc‘t ermination of transient 
phenomena is impossible, mainly because the exact nature of 
the initial disturbance--as in thf- case of lightning discharges— 
is unknown. By the collection and analysis of data showing the 
relative value of the many })rotective devices that have been tried, 
it is possibhi to determine whether or not the installation of 
certain ty]ies of lightning arresters and other protective devices 
is likely to prove effective in preventing damage to apparatus 
and in maintaining continuity of service. 

No attempt will be made to deal exhaustively with the problems 
of lightning protection, but what follows will be helpful in indicat¬ 
ing the nature of these problems and the means at present 
adopted to minimize the destructive effects of abnormal pressure 
rises. For a complete study of the principles underlying tran¬ 
sient electrical phenomena, the reader is referred to authorities 
such as Steinmetz^ and some of the more recent writings which 
have appeared from time to time in the technical journals. 

The relation existing between the voltage and the current of 
any transient electrical disturbance occurring in a circuit depends 
upon the relation between the magnetic flux linkages per unit 
current—or the inductance —and the permittance or electro¬ 
static capacity. 

Consider a circuit in which there is alternating or oscillating 
energy which is not utilized by any form of receiving apparatus 
and is not dissipated in the form of heat through the ohmic 
resistance of the conductors, or through ^'dielectric hysteresis 
or corona; it is obvious that, at the instant when the current 
wave passes through zero value, the whole of the energy must be 
stored in the electrostatic field, and similarly, at the instant when 

1 “Transient Electric Phenomena and Oscillations;” also Frankun, W. S., 
^‘Electric Waves.” 
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the pressure wave passes through zero value, the whole of the 
oscillating energy must be stored in the electromagnetic field. 
Moreover, so long as the interchange of energy from one form to 
the other continues without diminution of amount, these two 
quantities must be exactly equal. This conception of the oscil¬ 
lations of energy in a circuit having negligible resistance, but 
appreciable inductance and capacity, is fundamental, and it will 
be examined in further detail with a view to arriving at a definite 
relation between the amplitudes of the voltage and current waves. 

Energy Stored in Magnetic Field. —Since the engineer usually 
prefers to think of volts and amperes, the product of which repre¬ 
sents power (watts) or the rate at which work is being done, it 
may be said that the energy stored in a magnetic field during a 
short interval of time dt seconds is ei X dt watt-seconds or joules. 
In this connection the voltage e is the e.m.f. developed in a 
conductor carrying i amp. when a change in current di causes a 
change of flux in the short interval of time dt. Thus, in 
considering the flux linking with a circuit of one turn (a trans¬ 
mission line conductor) in a medium (air) of constant permea¬ 
bility, it is possible to write 

^ ~ dt~ ^dt 

whence 


Energy stored in magnetic field during the 
interval of time dt 


= L~ X i X dt 
= Li X di 


and since the current grows from zero to its maximum value 
in a quarter of a period, 


Energy stored in magnetic field 
during one quarter period 



I mux. 

i X di 


= joules (152) 


It is easy to show in a similar manner that the energy stored 
in the dielectric circuit in one quarter period while the value 
of e grows from zero to Ema.%. is where C is the electro¬ 

static capacity of the circuit, or portion of circuit considered. 

Thus, in the case of a pure, undamped, oscillation, when no 
energy is supplied from the outside to the circuit, or by the cir¬ 
cuit to the outside, it follows that 


L7* = CE^ 
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whence 

7 - Ve 


where L is expressed in henrys and C in farads. The quantity 

/L . 

IS thus seen to be of the nature of an impedance, and it may 


be expressed in ohms. It is generally called the surge impedance^ 
or the natural impedance ol the circuit or portion of the circuit 

considered. It denotes the ratio of the oscillating energy, 

amperes 

being the impedance, offer ni U a traveling wave of which the 
frequency is determined by line constants L and C. 

In the case of an overhead transmission line, the approximate 
value f>er mile of the indu<‘tance between one conductor and 
neutral, as given in Art 89, (Jhap. IX is 

External induntart^e L — 0.000741 log ^ henrys 


and the approximate capacity per mile as given by formula (109) 
is 


c = X 10-« farads 


whence the surge impedance of an overhead transmission line is 
approximately 

= 138 log ^ ohms (154) 

In practical overhead work, the limiting values for the ratio 
^ will probably be 800 and 50; which, when inserted in formula 

(154), show that the '‘natural impedance'' of an overhead trans¬ 
mission line must lie between 400 and 230, or, to be well on the 
safe side, between, say, 500 and 200 ohms. 


1 The surge impedance, as explained in Art. 100, Chap. X, is really the 


VI- 


quantity yy 

Z It/ "f* iX 

But ^ and since it is assumed that R is negligibly small in 

y O+jB ^ ^ 

relation to X, and G negligible in relation to B, it follows that y = - 
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A knowledge of this quantity renders it possible to determine 
the maximum value of any surge pressures that can possibly 
occur on the line due to the sudden interruption of the current. 
Thus, if the ‘‘natural impedanceis 300 ohms, and the instanta¬ 
neous value of the current at the crest of the wave is 200, the surge 
pressure, however suddenly the current is interrupted, cannot 
possibly exceed 200 X 300 = 60,000 volts; because this is the 
maximum value of the pressure wave necessary to store in the 
electric field the whole of the energy stored in the magnetic field 
at the moment when the current was interrupted. It is safe to say 
that, on a practical transmission line, the surge pressure is never 
likely to exceed 200 times the current in amperes; but, with heavy 
currents, this may well be sufficient to break down insulation and 
clause considerable damage to power plant. It must not be over¬ 
looked that it is often more difficult to handle heavy currents 
at comparatively low pressures than small currents at very high 
pressures. When the current is large, the opening of switch or 
fuse on full load, or an accident causing a break in the circuit, 
with or without the formation of an arc across the gap, may lead 
to insulation troubles on many widely separated parts of the 
system; but on a high-pressure system, even if the current were 
as large, the insulation is fre(iuently so good that it will with- 
.stand without injury the stress imposed on it by the highT^st 
possible value of the surge pressure. 

In underground cables, the capacity is much larger compared 
with the inductance than in overhead systems, and the surge 


impedance 




has then a smaller value, which may be about 


one-tenth of the value for overhead lines; but the transformers 
connected to transmission systems will always have a surge 
impedance considerably higher than that of the line itself. 

The effect of the ohmic resistance in series with the inductive 
and condensive reactances of a circuit is to damp out the oscilla¬ 
tions by dissipating the energy in the form of I'^R losses. With 
a sufficiently high value of resistance in the circuit, surges or 
oscillations of energy cannot take place. 

106. Line Distturbances Caused by Switching Operations and 
Arcing ‘‘Grounds.’’—It is hardly necessary to add anything to 
what has already been said in order to emphasize the possible 
danger of suddenly switching a source of electrical energy on or 
off a long transmission line. Unfortunately the calculations of 
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the probable surges or oscillations are not easily made, and, 
moreover, accurate data concerning the characteristics of the 
various circuits and apparatus connected to the system are rarely 
available. It follows that the engineer cannot predetermine 
accurately what will happen under the different probable or 
possible conditions of operation; but a general understanding of 
the principles underlying the creation of energy surges in a sys¬ 
tem of electric conductors will enable him to avoid obvious mis¬ 
takes in the dcisign and operation of a pai’ticular transmission 
scheme. 


Suppose a flash-ovr r to ground ocrun et one of the insulators 
on a high-voltage transmisv*. ^ line Wii li Ey, volts between line 
and neutral (gfXMi'Mi). If gioumiing occurs at the instant 
of time whefi volt/^ge l ‘)s 'eached its crest value (\/2 En i* 
the case v f a siiie wev^* of eun f.), high-frequency traveling waves 
will propagate in both direcTJons from the flash-over point, with 

l(j 

a maximum curri'ut value of V The location of the 

Hash-ov(U‘, and the line impedance between this point and the 
source of supply, will determine the maximum possible amount 
of the power (‘urr(‘nt whi(*-h will flow into the short-circuit. 
Sup})osc that this power current is I amp. and that it is inter¬ 


rupted when its instantaneous value is \/2I: then the maximum 
transient higli-frc'queucy voltage that can be induced—and 

superimposed upon the njormal-frequency voltage—is 


These hif^h-frccjueiicy oscilliitinf? transients, stai'ting out in both 
directions from the point wliero the original disturbance ca^curs, 
will have a gradually decreasing amplitude owing to the tlamping 
effect of the line resistance and leakage over insulators or through 
the air (corona); but if these wave trains of oscillating energy 
reach the end of the line without greatly diminished amplitude, 
they will be “reflected,” and the reflected waves, meeting the 
outgoing waves, may cause considerable amplification of the 
original disturbance. 

There is also danger of abnormally high voltages due to surges 
at the points where there is a change in the constants of the 
circuit. Thus, if a transformer is connected across the ends of a 
long overhead transmission line, there will be a rise of pressure 
when a traveling wave arrives at this point because the surge 



318 


ELECTRIC POWER TRANSMISSION 


impedance C/ transformer winding may be between 

2,000 and 4,000 ohms, which is very much higher than that of the 
line itself (about 400 ohms as previously explained). For this 
reason the end turns of the transformer primaries must be 
specially insulated to withstand much higher voltages between 
turns than the remainder of the winding. 

In the case of a change from underground to overhead trans¬ 
mission, a surge originating in the cable will produce a rise in 
pressure at the junction with the overhead line, while the con¬ 
trary will occur the voltage will be reduced) if the surge is 
started in the overhead line and passes into the cable system of 
which the surge impedance will always be smaller than that of 
the overhead transmission. 

With the good insulation provided on modern high-voltage 
systems, it is doubtful if the interruption of the current by 
opening switches under load is likely to cause serious voltage 
disturbances, except in the case of air-break switches where a 
long arc may be formed and suddenly interrupted—as for instance 
by a draught of air—when the current is of considerable value. 
Oil-break switches almost invariably open the circuit at the 
instant when the current is passing through zero value. 

Although the mathematical solution of hypothetical problems 
based on the assumptions of uniformly distributed circuit con¬ 
stants and simple harmonic wave forms is a comparatively 
easy matter, the practical conditions with the mixed networks of 
large distributing systems are such that the ultimate effects of a 
disturbance on such systems cannot be accurately predicted even 
if it were possible to determine the exact character of the initial 
disturbance. 

107. Lightning.—The foregoing considerations do not take 
into account the effects of lightning, either by direct stroke or 
by induction, because in such cases a pressure from an outside 
source is impressed upon the circuit, and the potential of these 
atmospheric charges may be tens of times greater than any surge 
voltage due to a redistribution of the energy stored in the circuit 
itself. 

Although the understanding of lightning phenomena is still 
far from complete, it is generally agreed that a single stroke of 
lightning is of short duration, frequently not exceeding the one^ 
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thousandth part of a second. If an overhead conductor receives 
a direct stroke of lightning, the potential value of the lightning 
charge is generally so enormously in excess of the working pres¬ 
sure on the conductors that the lightning leaps over the insulators 
down the pole to ground. Any charge on the line, which is not 
sufficiently high in potential above ground to jump over the insu¬ 
lators, will travel along the line in both directions until it is 
grounded through a lightning arrester or dissipated as losses 
in the conductors. If the resistance of an arrester or the path 
through which a discharge occurs we»*e ;^ero, the current passing 
would be a maximum. If C s the capa^^ty in farads and L the 


inductance in benrys t)f nni" i mgth of line, then is the surge 
impedance of the circuit; and the maximum possible value of the 
current will be /„,ax = E where E is the impressed 


voltage, which may be considered as something less than the 
pressure which will cause a flash-over at the insulators. 

The intense concentration of lightning disturbances is the 
cause of the difficulties experienced in protecting transmission 
lines by means of lightning arresters; experience tends to show 
that an arrester does not adequately protect apparatus at a 
greater distance than 500 ft.; yet it is unusual to find arresters 
on a transmission line at closer intervals than 2,000 ft. 

Disturbances are most likely to occur on exposed heights and 
on open wet lowlands; special attention should, therefore, be paid 
to lightning protection at such places. 

Although the quantity of electricity in a lightning flash may not 
be very great, the short duration of the flash accounts for currents 
which are probably of the order of 10,000 to 50,000 amp. 

Apart from the effects of atmospheric electricity, it is necessary 
to guard against the abnormal pressure rises that will occur on 
long transmission lines through any cause, such as switching 
operations or an intermittent ''ground.^' Overvoltages up to 
40 per cent in excess of the normal line voltage can be produced 
by switching in a long line. High-frequency impulses or surges 
are set up, which, in the special case of an arcing ground, may 
give rise to a destructive series of surges, a state of things which 
will continue until the fault is removed. An arrester which may 
be suitable for dealing with transitory lightning effects may 
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be quite inadequate to dissipate the charges built up by such 
continual surges. 

108. Protection of Overhead Systems against Accumulations 
of High-potential Static Charges. —Under this heading the ordi¬ 
nary lightning rod and grounded guard wire will be briefly dealt 
with. If no guard wire is used, lightning rods, in order to be 
efficient, should be provided at frequent intervals along the line. 
They may be fixed to every pole or tower, but in any case 
they should not be spaced farther apart than 300 to 400 ft. unless 
the spacing of the supporting poles or towers has to be greater 
than this for economic reasons. It is especially important to 
provide them on the poles or towers in exposed positions, such as 
hill tops. They should project from 3 to 0 ft. or more above 
the topmost wire. A conveni(‘nt form of lightning rod is a 
length of galvanized angle iron bolted to the pole top or forming 
an extension to the structure of a steel tower. Long lines have 
been worked satisfactoiily for extended periods without lightning 
rods or guard wires, but tliese are extra-high-pressure transmis¬ 
sions which, on account of the better insulation throughout, are 
always less liable to trouble from lightning than the lower- 
voltage systems. 

Although engineers are still divided in opinion as to the value 
of the protection afforded by overliead grounded guard wires 
carried the whole length of the line above the conductors, it is now 
generally recognized that this method of protection is efficient 
for comparatively low-voltage circuits carried on steel poles. 
Iffie objections to the guard ware are the additional cost and the 
possibility of the wire breaking and falling across the conductor 
below, thus causing an interruption to continuous working. 
Trouble due to this cause is, how^ever, exceedingly rare. 

If the grounded wire above the conductors could be replaced 
by a cylin<lcr entirely surrounding the power circuit, complete 
protection would be afforded against induced charges from thun¬ 
der clouds. Indeed the condition would then be equivalent to 
an underground system of transmission. The protection afforded 
by one or two wires strung above the conductors and grounded 
at frequent intervals is, however, only partial, and the extra cost 
of the installation of such guard wires may not be justified on 
economic grounds. The present-day tendency is to omit them 
from wood-pole lines; but when the ground potential has already 
been carried to a higher elevation by the use of steel poles or 
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towers, there appears to be no doubt that additional protection 
may be provided by grounded guard wires. It is probable that 
there is an economic advantage in providing grounded guard 
wires on rural or farm lines on the four-wire three-phase system 
with well-grounded neutral when the wires are carried on steel 
poles, but the trend in all recent overhead lines is to omit the 
ground wire. If the saving of cost effected by this omission were 
always applied to improving the insulation of the line generally, 
even when the operating voltage is comparatively low, there is 
little doubt that the ground wire rnight usually be omitted, 
although there will always spe< ial cases or situations in 
which its installation will Oc u advaibage. It is well known 
that extra high-voltage transoiisffJon lines are less affected by 
lightning disturbanc^es i.haii the lower-voltage lines because of 
the higher insulation U> groun<l. 

Relieving Cvnihwlors of Higli-poleniial ^\^totic .”—By directing 
a stream of w^ater from tho nozzle of a grounded metal pipe 
on to the high-tension conductors, a high-resistance non-inductive 
jiath to ground is provided for the extra-high-potential charges 
on the line; but there wall be very little leakage of power current. 
It is claimed that arresters constructed on tliis principle have 
been found useful in practice; but the employment of jots of water* 
has its objections. It is usual to put the jets in action only at 
times when electric storms are pemding; and the reliance on the 
human element renders the apparatus less valuable than an 
equally efficient device which is always ready to act. The chief 
function of the water jet is to prevent the building up of static 
pressures on the line caused by the contact of dust, snow, or rain¬ 
drops, blown against or falling upon an insulated line of con¬ 
siderable length, or by variations in the potential of the 
atmosphere ^ different parts of a line traversing hilly country. 

Since otlJer means, such as highly inductive resistances, or 
the grounding of the neutral point of tiansformers connected 
to the line, are available for preventing the accumulation of static 
charges on an overhead line, the advantages claimed for water 
jets are not obvious. 

Probably the best way to provide a discharge path for gradually 
accumulated static charges on the line is to have the high-tension 
windings of the transformers star-connected, with the neutral 
point grounded, preferably through a resistance. Since this 
question of grounded or ungrounded neutral is still subject to 
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discussion, the present trend will be briefly referred to in the 
following article. 

109. Grounded versus Isolated Transmission Systems.— 

Whether or not it is advisable on three-phase transmissions 
to use the star connection with grounded neutral, or a system, 
either star or delta, without any connection to ground, is not a 
matter of very great importance; and since no theoretical con¬ 
clusions based on general principles have been arrived at, the 
engineer is compelled to consider each paticular case on its own 
merits and be guided by practical results obtained under similar 
conditions. 

With a view to eliminating the third harmonic and its multiples, 
and so obtaining as nearly as "possible a sine-wave of e.m.f., the 
generators are usually Y connected, a practice which has the 
further advantage that the neutral point can be readily grounded 
if desired. The low-tension windings of the transformers, both 
at generating and receiving ends of the line are generally delta 
connected; but so far as the high-tension windings are concerned, 
these may be star at both ends, or delta at both ends, or star at 
one end and delta at the other. Then again, the neutral point 
of a high-tension system may be connected to ground either 
directly or through a resistance, the results being by no means 
the same in the two cases. 

The object of grounding the neutral of a high-tension system 
is mainly to protect the insulation from abnormally high pres¬ 
sures which might aggravate the trouble in the event of a ground 
occurring on one wire, and so lead to serious interruption of 
service. It is, in fact, the question of line insulation considered 
in connection with continuity of service which is generally the 
determining factor in deciding whether or not the neutral shall 
be grounded, and whether the grounding, if adopted, shall be 
with or without the intervention of a resistance. 

In England, it has always been considered good practice to 
ground the neutral point through a resistance, but both in the 
United States and on the continent of Europe it has, in the past, 
been customary to operate with the neutral point insulated. One 
of the main troubles with the ungrounded system is the fault 
known as an arcing ground or intermittent earth, which sets 
up high-frequency surges and not infrequently leads to a shut¬ 
down. The trend is now toward the grounded star connection 
which practical experienee has shown to be generally preferable 
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to the insulated system, especially in avoiding dangerous surging 
conditions. There is still a good deal of discussion regarding 
the desirability of a resistance or inductance, or both, in the 
connection between the neutral point and ground, but there is 
undoubted danger in the direct connection to ground because of 
the very large currents which may occur in the event of one of the 
phases being accidentally grounded. 

110. Protection from High-frequency Disturbances—Static 
Condensers. —A non-inductive low-resistance direct connection 
to ground cau obviously voi be made on a high-tension a.c. over¬ 
head transmission lin3; but a path to ground may be provided 
either through a highly indu^ Jve choke coil, or through a con¬ 
denser, or both, without the necessity of providing a spark gap 
in series. The inductive r ‘sistance may easily be designed to 
pass only an inappreciable current of normal or higher frequency, 
and it will, therefore, l>e useless for affording relief in the case of 
high-frequency surges; but it is capable of relieving the line of 
slowly accumulated static charges. The condenser, however, 
acts as an almost perfect insulator so far as direct currents are 
concerned; but it is pervious to high-frequency currents, and a 
suitably designed condenser, or rather battery of condensers, con¬ 
nected between line and ground without the intervention of any 
spark gap, is certainly an ideal device for dealing with the very- 
high-frequency oscillations that accompany lightning phenomena. 

When a thundercloud passes over a transmission line, it will 
induce on the line an electrostatic charge of polarity opposite 
to that of the cloud. When the cloud is suddenly discharged, 
either to a neighboring cloud or to ground, the accumulated static 
charge will form two traveling waves moving in both directions 
from the point of disturbance. The potential which will be 
superimposed on the normal working voltage will depend upon 
the potential of the cloud and the height of the conductors above 
ground. The induced voltage at the instant of lightning dis¬ 
charge is not likely to exceed about 6,000 volts for each foot of 
elevation above ground level, ^ which explains why the flash-over 
of insulators on 220,000-volt transmission lines, due to lightning, 
is comparatively rare. On lower voltage lines, flash-overs will 
occur or lightning arresters will discharge. 

1 The potential gradient between cloud and ground just before a thunder¬ 
cloud discharges by direct lightning stroke to ground will bo very much 
higher than this; probably in the neighborhood of 100,000 volts per foot. 
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Consider, now, the more common occurrence of a lightning 
discharge which raises the potential of the overhead circuit only 
a few thousand volts, an amount which will not be sufficient to 
cause a flash-over at the insulators or the discharge of any spark- 
gap type of lightning arrester. Traveling waves will, however, 
start out in both directions from the point of disturbance, with 
a frequency of many thousands of cycles per second. It is now 
generally understood that high-frequency traveling waves may 
break down the insulation of generators or transformers even 
when the voltage of the induced charges is small as compared 
with the normal operating voltage. The trouble is that the wave 
is short, and the point of zero potential may be only a few hundred 
feet behind the point of maximum potential. If, therefore, a 
traveling wave of this nature enters a piece of electrical machinery 
such as a generator or transformer, the full difference of potential, 
which may amount to only a few thousand volts, may be applied 
across adjacent layers of the coil winding, thus causing a puncture 
and ultimate breakdown of the insulation, even if the apparatus 
as a whole is insulated to withstand pressures of 100,000 to 200,000 
volts to ground. As a protection against trouble of this sort 
from high-frequency induced charges, the condenser appears to 
offer a good solution. 

It must not be understood from these notes on the uses of con¬ 
densers as lightning arresters that the discharge is diverted to 
ground through the condenser and so dissipated, much as energy 
would be dissipated in a resistance; because the condenser can¬ 
not absorb or dissipate any but the smallest percentage of the 
energy passing through it. The energy is necessarily redelivered 
to the line from which it originally came, and is ultimately dis¬ 
sipated through the ohmic resistance of the conductors. The 
function of the condenser is, in fact, somewhat analogous to that 
of an air chamber on a water pipe in which the rate of flow is 
subject to sudden variations. 

In view of the fact that the condenser merely shunts the high- 
frequency oscillations and so prevents damage to the apparatus 
to be protected, but returns nearly all this energy to the line where 
it ultimately dies out owing to the conductor resistance, it would 
seem advisable to provide some small amount of resistance in 
series with the condensers, even at the risk of slightly higher 
surge pressures across the apparatus to be protected. The 
intelligent combination of condensers, reactance coils, and resist- 
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anccs may be expected to afford good protection; but there is 
always a danger of resonance effects at certain critical wave 
frequencies. 

Example 32. Condensers for Protection against Iligh-freqneneij 
-The frequencies most likely to build up destructive 
voltages are b('tween 30,000 and 100,000 cycles per second. 
Suppose that it is desired to afford protection against traveling 
waves of a frequency of 60,000 cycles. Assume a power station 
operating thn^c phase at 33,(»(H) volts, 60 cycles, with a current of 
51) amp, per conductor. O'fa protect i^n afforded ^*onsists of three 
condensers each (*f (‘jioacitv t\„, microfaoids connected between 
line and ground, in series ' a resi^iance of R ohms. It is 
desirable t,hat tlv' coudt‘ns ^ :du»ui(* pass a current equal to the 
full-load cuireni 50 • irq*.) vvhen the surge frequency is 

60,000 wh'cli has hH-iUi assuoied to l)e the frequency at which 
the ])rotective devices are to iunction most effectively. When a 
non-inductive resisOniee is pjovidcsl in the connection between 
the condens(‘r and ground, it is customary to design it so that the 
voltage drop across the resistance shall l)e at least as great as 
that across the condenser when the high-fi eepKmey discharge 
occurs. Sinc(‘ tliese two voltage di'ops are in (]mulrat\ire, (‘ach 
being equal to tlie full voltage to ground divided by v 2, 


li - 



270 ohms 


and since the condensive reactance is to have tlu^ same value, 

2T/r ^ 

10 « ^ 

2r X GO,000 X C'„,r. “ 

whence Cmf. = 0.0098 mf. 

Although this combination of resistance and condenser will 
pass 50 amp. of current to ground at normal (.)perating voltage 
when the surge frequency is 00,000, the current passing under 
normal working conditions will be negligible. Thus, when the 
frequency is 00, the condensive reactance will be l,0tK) times as 
great as when the frequency is 60,000, namely 270,000 ohms per 
condenser. The 270 ohms of non-inductive resistance in series 
with this is negligible, whence the errent per phase which passes 
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to ground under normal operating conditions will be approxi¬ 
mately — -= 0.07 amp. 

V 3 X 270,000 

Owing to the shorter distances of transmission in Europe, 
means of protection different from those used in America may be 
necessary, but apart from their high cost and difficulties of 
manufacture, there are probably many situations where con¬ 
densers would be beneficial. In Germany where the electrolytic 
type of lightning arrester is not used, a large number of installa¬ 
tions are protected by condensers. The types used include the 
Mosciki tube condenser (glass tubes coated with silver backed by 
a copper deposit) made in two sizes having capacities of 0.002 and 
0.005 mf., respectively, and suitable for working pressures of 
15,000 volts per tube. The Meirowsky condenser is also made in 
tubular form, but the glass of the Mosciki tube is replaced by 
impregnated paper. The Dubilier condensers are made with 
mica as the dielectric; they have proved efficient in practice and 
are more compact than the tubular designs. 

Since capacity between line and ground, in combination with 
a non-inductive resistance—which may be additional or merely 
that of the line itself—is effectual in dissipating the energy' of 
high-frequency oscillations induced by atmospheric disturbances, 
it would seem that the condenser formed by the overhead conduc¬ 
tors and ground should be of some use in this connection. The 
effects of line capacitance are, however, largely counteracted 
by the line inductance; but since a condenser of appreciable 
capacity is obtained from a comparatively short length of 
insulated underground cable, it would appear to be advantageous 
—as a protection against induced high-frequency surges—to lead 
the current from an overhead transmission into generating 
stations and substations through a length of, say, 200 to 300 ft. 
of underground cable. Cf course this may not be possible in the 
case of very high pressures because of the prohibitive cost of the 
cable, but as a matter of fact any form of condenser becomes very 
costly when designed for use on high-voltage systems. The effect 
of an underground cable on a surge traveling along an overhead 
line has already been referred to in Art. 106. The greater capac¬ 
ity (per unit length) of the cable is such that its surge impedance 


would be of the order of 40 ohms, compared with about 400 
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ohms for the overhead line. Some laboratory tests made in Ger¬ 
many in 1921^ appear to indicate that when condensers are used 
for surge protection, switching operations may cause surge volt¬ 
ages with steep wave fronts which are more dangerous to appara¬ 
tus connected to the line than the surges produced under similar 
conditions when condensers are not used. There is no doubt 
that complete protection against abnormal pressure rises is not 
possible at present, but each system should be studied as a sepa¬ 
rate problem, and so-called protective apparatus installed only 
when the additional cost complication appear to be justified 
on economic grounds. 



111. Protection of Insulators from Power Arcs.—As a means 
of protecting insulators from flash-over caused by lightning, or 
the power arc following a high-potential discharge, the ‘‘arcing 
rings” first introduced by L. C. Nicholson may be mentioned. 
These rings, which are grounded, are placed in such a position 
as to take the arc and hold it at a sufficient distance from the 
porcelain of the insulator to prevent cracking or breakage by heat. 
The illustration Fig. 117 shows the arrangement of the grounded 
arcing rings attached to a pin-type insulator made by the Locke 
Insulator Manufacturing Company. It is not claimed that these 
^ Peehm, W.j Elektrotech. ZeiLj p. 395, Apr. 21, 1921, 
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rings will protect an insulator against a direct lightning stroke; 
but their utility on high-pressure lines transmitting large amounts 
of power has been proved without doubt. 

Similar attachments are frequently provided on the suspension 
type of insulator. When a grading shield^ is provided^ the arc 
will usually strike upward from the edges of the shield without 
damaging the porcelain of the units. 

112. Horn-gap Arresters. —Nearly all lightning arresters are 
designed on the principle of one or more spark gaps between the 
conductors and ground, the air space being so adjusted that the 
normal difference of potential between the line and ground is 
insufficient to jump the gap; but abnormally high })ressures will 
break down the insulation of the gap and so find a })ath to ground 
):>efore the pressure is sufficiently high to damage the insulation 
of ihe line or the apparatus connected thereto. 

The ordinary horn-gap arrester is so well known that it requires 
no detailed description. When the potential rises to such a value 
that it can jump the gap at the base of the curved wires, the 
power arc will follow the discharge, but owing partly to the 
upward tendency of the heated air and mainly to the magnetic 
field produced by the current itself, the arc is driven upward 
toward the ends of the horns” where, after being sufficiently 
drawn out in length, it is finally ruptured. The horn gap is not 
effective when set to discharge at pressures below 13,000 volts, 
because with a small gap (less than 1 in.) the arc may not rise 
and break properly. The usual settings for horn gaps are as 
follows: The voltages in the table are the r.m.s. values on the 
sine-wave assumption, and they must not be used except as a 
rough indication of the probable gap between horns: 


Gap, inchp^s 

Working voltage across gap 

Spurk-over voltage, 
approximate 

1 

21,000 

30,000 

iH 

29,000 

41,000 

2 

34,000 

48,000 

3 

44,000 

63,000 

4 

52,000 

74,000 

6 

65,000 

93,000 

8 

77,000 

110,000 

10 

88,000 

126,000 

12 

98,000 

t ' 

140,000 


^ Refer to Art. 76, p. 225, and Fig. 80. 
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A non-inductive resistance should be connected in the ground 
wire from the horn arrester. An ordinary wooden barrel filled 
with water, with a connecting plate at the bottom and the upper 
terminal carried about 6 in. below the surface of the water, makes 
an effective resistance. If no resistance is provided in the ground 
connection, the momentary discharge of the power current may 
be excessive, dangerous surges may be set up in the line, and there 
is the possibility of synchronous machines being throwm out of 
step. 

It is necessary to bear in mind that no lightning arrester which 
will discharge only whee th/' poi» mial rises appreciably (say 
30 per cent) aboY;r the opt nv ir.g volta(»!’. can protect apparatus 
connected to the lines inst higii-rreipieiicy (steep wave 
front) surges when the vmltage such traveling waves is 
than that winch wi!' caU' * the arrester to discharge. This 
point was referred u> hi A.L IJO when discussing the function 
of condensers in connection with high-fre(iuency low-voltage 
disturbances. 

Another serious disadvantage to the ordinary horn-gap arrester 
is the likelihood of an intermittent arc setting up surges and high- 
potential disturbances which may lead to more trouble than the 
original cause of the spark-over. Fairly satisfactory results 
have been obtained by providing a number of horn gaps on a 
high-tension transmission and ^‘grading’’ these, by adjusting 
some of them to discharge with a very small rise of pressure 
through a high resistance; while other sets would have larger 
gaps and lower resistances in series; the very largest gap being 
such as to break down only rarely, under exceptionally high pres¬ 
sures, and this should have a very low resistance in series but 
may with advantage be protected by a fuse. 

The amount and nature of the resistance in the ground con¬ 
nection from a spark gap are important considerations. The 
writer has had experience with the ordinary water-barrel type of 
resistance on 22,000-volt circuits, and he believes this to be 
satisfactory if proper attention is paid to possible losses of water 
by leakage and evaporation.^ This type of resistance is unsuit¬ 
able in districts where thunderstorms are likely to occur when the 
temperature is below the freezing point of water. 

^ Refer also to article by H. M. King in Eke, Worlds vol. 79, p. 586, Mar. 
25, 1922. 
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^ improvement on the somewhat crude water-barrel resist¬ 
ance is the type of water resistance described by C. E. Bennett in 
the Electrical World (Vol. 75, p. 365), Feb. 14, 1920. 

The amount of the non-inductive resistance in the ground con¬ 
nection varies considerably in practice, depending upon the volt¬ 
age of the system and the position of the arrester in relation to 
the source of power. Generally speaking, it is advisable to make 

this resistance at least equal to the surge impedance 

line or, say, 400 to 500 ohms; but, in order to avoid the passage 
(and interruption) of heavy currents, resistances between 1,000 
and 1,500 ohms are occasionally used, while resistances no 
greater than one-quarter of the surge impedance are operating 
satisfactorily on some of the lower-voltage installations in Europe. 

For the reasons stated above, namely that spark-gap arresters 
do not check all high-frequency surges and are likely to set up 
surges at the instant of discharge, they have been compared 
unfavorably with the very much more costly, but by no means 
perfect, electrolytic arresters with their ideal discharge charac¬ 
teristics. Nevertheless, experience has shown that horn arresters, 
if intelligently installed and 'properly connected and adjusted^ are 
capable of affording useful protection on circuits up to 33,000 
volts and even occasionally on systems of considerably higher 
voltage. 

yll3. Methods of Grounding. Clearance between Arresters.— 

The ground wire from lightning rod, guard wire, or arrester, on 
high-tension transmission lines, should be as short and straight as 
possible. The ground plate should have a reasonably large 
surface, but the material is of little importance, except that it is 
not wise to bury aluminum wires in the ground because of possible 
electrolytic action. Galvanized iron is a good material. If the 
ground contact is made with one or more iron pipes buried or 
driven into the ground, these pipes may be from to in- in 
diameter, and a good connection should be made to the top of the 
pipe, as the inductive effect of an iron tube surrounding the 
ground wire might be considerable if a connection were made 
only at the bottom of the pipe. One or more pipes 8 to 10 ft. 
long, driven into the ground with 6 to 12 in. projecting above, 
will generally be found more effectual than buried plates. A 
ground of very low resistance is not essential on a high-tension 
system, and, generally speaking, the special forms ground plate 
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made of perforated copper, designed to hold, or to be in contact 
with, crushed charcoal, are unnecessary. Copper sulphate in the 
soil surrounding the grounding rods or plates is helpful in reducing 
the ground resistance. 

Spacing of Lightning Arresters .—A reasonable distance must 
be allowed between the live metal parts of arresters placed side 
by side; the following limiting distances are suggested for guid¬ 
ance in installing lightning arresters, such as those of the horn- 
gap type where large aics may be formed and blown or drawn 
from one element to another. These distances may be reduced 
if suitable partitions are piovidod hefwern the arresters. 


PotPntial 

Separation, 

Volta 

Inches 

11,000 

24 

22,000 

32 

S3.()0G 

42 

44.000 

50 

00,000 

66 

88,000 

84 

110,000 

108 


114, Grounding through Inductive Reactance. Petersen Coil. 

As a means of preventing the destructive effects of intermittent 
grounds by limiting to a very small value the power current 
which will pass from the high-tension line to ground. Prof. W. 
Petersen has suggested the use of a choke coil in place of a resist¬ 
ance for grounding the neutral point. The amount of this react¬ 
ance must be a function of the capacity of the transmission line, as 
will be understood by referring to Fig. 118. If No. 1 conductor 
is grounded owing to a flash-over, the current through the 


Lj 

reactance will be Ix = -v where L is the inductance of the earth 
uL 

coil. This current will lag behind the voltage (grounded phase 
to neutral point) by a quarter period. The total charging current 
between the overhead conductors and ground is the (vectorial) 
sum of the charging currents 7i and li, which is a current one- 
quarter period in admnce of the voltage The total current 
passing from phase 1 through the arc to ground is /,=/,-+- 
(/i + ii), and it follows that this current will be zero if the 
lagging component (/t) can be made equal to the leading com¬ 
ponent (ti -f t^). This is the principle of the Petersen coil; 
actually there will be a small energy component of the total 
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current which will never be exactly zero, and moreover it is 
necessary to pass sufficient current to operate circuit-breaker 
relays, the reactance of the coil being usually adjusted to pass 
a current of 20 to 30 amp. through the arc. The Petersen coil is 
usually in the form of an oil-immersed water-cooled reactance 
without iron core; it is provided with a number of taps so that 
it may be adjusted according to the electrostatic capacity of 
the circuit to which it is connected. 



Calculation of Reactance Required in Ground Connection .—^Ijct C 
be the capacity, in farads, between either one of the ungrounded 
conductors and ground when the third conductor is grounded. 
This is not the same as the capacity to neutral under normal 
operating conditions, as calculated by the formulas in Art. 89, 
Chap. IX. The value of C is found in practice to be about 75 
per cent of the capacity between any one wire and neutral. 
Referring to Fig. 118, it will be seen that the current through 
the equivalent condenser of capacity C, connected beween 
conductor 2 and ground, will be h = o)CEi 2 where Eu is the 
voltage between the (grounded) conductor 1 and conductor 2. 
The voltage Eu is \/SEn where En is the star voltage (line to 
neutral). Similarly, but noting the phase relation of the voltages, 
/i == ajC( — E^i) 

whence /i + J 2 *= <*>C{Ei 2 — Ezi). The difference between two 
equal vector quantities when the phase difference is 120 deg. is 
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the same as the S2i7n of two equal quantities with a phase differ¬ 
ence of 60 de^;., whence 

/i + /o - ccCV'SE 

where E and En stand, respectively, for the voltages between 
conductors and between conductor and neutral. 

In order to obtain minimum current through the arc, the 
reactance of the earth coil should, therefore, be such that 


whence 




1 


(155) 


If preferred, this rel.Mtion ma ^ b** expressed in terms of the normal 
charging current to utHu-ial; thus, by formula (104), p. 257, 

E =- 3A^^ ( 3 ^ ) 

and putting A" = wL for the rea(*tance of the coil, 

4 7^;, 

A" = - ohms (approximately) (15()) 

3 \ Sic 


The reactance A^, or the inductance L, is calculated for the 
frequency of the power arc, /.c., the normal operating frequency of 
the system. 

In America, where the trend has lately been toward the 
grounded neutral without resistance or reactance in the ground 
connection, the Petersen coil finds little application, but it has 
met with considerable success in Europe. 

116. Multiple-gap Arrester with Non-arcing Cylinders. —In 
this type of arrester there are many air gaps in series between the 
line and ground. No single gap is greater than }{i 2 or in., 
and it occurs between the adjacent surfaces of small cylinders 
made of a so-called ‘'non-arcing'^ metal as used in the earlier 
types of arrester designed by A. J. Wurtz. The number of gaps 
in series depends upon the working voltage of the line, and the 
last of the metal cylinders is connected to ground (or to one of the 
return conductors, as the case may be) through a non-inductive 
resistance, which may, with advantage, be shunted by a fuse in 
series with a spark gap. Sometimes a portion of this resistance 
is bridged by a number of spark gaps, all as shown in the dia- 
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gram Fig. 119. These shunted gaps act as a sort of bypass for 
heavy discharges, the amount of the series resistance through 
which all discharges have to pass being comparatively small. The 
multiple-gap arrester is essentially a device for use on a.c. circuits, 
the principle of its action being as follows: There is a certain 
electrostatic capacity between consecutive cylinders and between 
each one of these cylinders and ground; and the potential gradient 
is considerably greater at the high-voltage end of the arrester 
with the result that when the total voltage across the arrester 
reaches a certain critical value, the breakdown occurs between 
the first and second cylinders. The second cylinder is then con¬ 
nected to the first by an arc, so that its potential rises accordingly, 
until a breakdown occurs between the second and third cylinders; 
and so on. The line current then follows the discharge and in so 
doing tends to produce a uniform fall of potential along the line 
of cylinders, with the result that the maximum potential differ¬ 
ence between cylinders is considerably less than that required for 
the initial breakdown, and the power arc is ruptured as the 
current passes through zero value. When a breakdown occurs 
between two cylinders, the potential of the lower cylinder of 
the series will depend upon the quantity of electricity which 
passes to it from the more highly charged cylinder. The initial 
current is really a capacity current, and it will, therefore, be 
greater at the higher frequencies; but by a scientific proportioning 
of the shunted resistance, a very satisfactory arrester of this 
type can be made for use on circuits up to about 13,000 volts; 
it is less efficient on higher voltages, but is actually used on 
20,000-volt, and even 35,000-volt transmission lines. 

One reason why the multiple-gap arrester is not satisfactory on 
systems of very high voltage is that the necessary increase in the 
number of gaps to prevent arcing over by the line voltage alone 
is out of all proportion to the increase in voltage. There is also 
much uncertainty as to the number of gaps required, which will 
depend on the position of the arrester in relation to surrounding 
grounded objects. With the ground potential brought very 
near to the arrester, the potential gradient at the end near the 
line frequently becomes high enough to ionize the air between 
the cylinders, thus carrying the line potential to lower cylinders, 
until the remaining gaps are so few that a discharge occurs. In 
order to obtain the more equal division of the total potential 
difference and so allow of a r'^duction in the total number of gaps, 
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such as would be obtained by removing the whole arrester to a 
considerable distance from grounded objects, a metal guard plate 
or shield is sometimes placed near the gaps at the high-potential 
end of the arrester and connected to the line wire as indicated in 
Fig. 119. The theory of the potential distribution over the 


Line 



Ground 


Fig. 119,—Diagram of multiplo-gap arrester. 

string of insulated metal cylinders in the multiple-gap arrester 
need not be discussed here, because the problem has already been 
considered in connection with the suspension type of insulator 
(refer to Art. 76, Chap. VIII). It is evident that if the electro¬ 
static capacity between the consecutive elements of the arrester 
could be made large compared with the capacity to ground, a 
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more uniform drop of potential over the series of elements would 
result, thus rendering this type of arrester more suitable for the 
higher pressures. 

A special form of multiple-gap arrester is the compression- 
chamber arrester in which the pressure of the gases caused by the 
heat of the discharge is helpful in extinguishing the power arc., 
116. Spark-gap Arresters with Circuit Breakers or Resetting 
Fuses.—If the resistance in series with a gap arrestor is very 
small, a good path is provided to ground for taking a very heavy 



Fk 9 . 120.—Garton-Danicl.-? arrestor 
for 10,()00-volt Circuit. 



Fig. 121.—Diagram of Garton-Daniels 
arrester. 


discharge; but there will be a large flow of power current in the 
arc following the discharge. Ttiis current may be interrupted 
by connecting some self-acting device, such as a fuse or automatic 
circuit breaker in the ground connection; and arresters, whether 
of the horn type or with any other kind of spark gap, are some¬ 
times provided with fuses so arranged that when one fuse blows, 
the dropping of a lever or an equivalent device automatically 
inserts another fuse, so that the system is not left unprotected. 
Even without automatic replacement, if a number of gaps with 
fuses are connected in parallel, it will generally be found that one 
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discharge will not blow all the fuses, and that during the passage 
of a single storm, the line will be adequately protected. 

In the Garton-Daniels arrester, for use on a.c. circuits up to 
20,000 volts, the principle of the multiple gap is combined with a 
simple type of automatic circuit breaker connected as a shunt to 
some of the spark gaps, in order that the discharge path for the 
lightning shall remain unaltered even during tlie operation of tlu 
arrester. The arrester is built up of seveird unit parts connected 
in series; each unit l^eing rated for 3,300 volts. The illustration 
Tig. 120 shows a complete singicvpliase a^avster for 10,00t) volts. 
On a 20,000-volt. cir<mit, tiie- e would be eight units in series, the 
total ail-gap distance i} ^ in , with a series resistance 

averaging 3,<S00 nhms. I'he. diagram lug. 121 sliows a single 
unit of the Oarton-DanieU arrester. The discharge follows the 
straight path through the two sets of air gaps and tla.'n'distance 
rod, as indicated by the round dots. The power current follow¬ 
ing the discharge will, after passing through the two uppei* gaps and 
the resistance rod, be shuntedJjy the low-resistance winding of 
the circuit breaker; and if this following current is too heavy to 
be ruptured by the combined action of these two ga})s and the 
resistance rod, the iron armature of the circuit breaker will be 
lifted by the action of the solenoid, thus throwing the two lower 
spark gaps in series, and extinguishing the arc. 

117. Autovalve Arrester.—A recent form of multiple-gap 
arrester is known as the autovalve arrester. It includes certain 
features which are not present in the t^q^e which consists of a 
scries of metal cylinders as described in Art. 115, When a charge 
of electricity is released on an overhead transmission system by 
the discharge of the thundercloud by which the charge is induced, 
it may be necessary to provide a path to ground capable of 
carrying a very large current for a short interval of time. The 
multiple-gap type of arrester with “non-arcing” metal cylinders 
will not do this satisfactorily, but the autovalve arrester provides 
a large area for the discharge between a number of semiconduct¬ 
ing discs^ separated by small air gaps. A column of resistance 
discs is constructed by stacking a large number of discs with an 
air gap of about 0.004 in. between them, this clearance being 
maintained by means of mica spacing rings which support the 
edges of the discs. When a potential difference slightly in excess 

^ Made by compressing a mixture of clay, corborundum, lamp black, etc., 
in suitable proportions. 



338 


ELECTRIC POWER TRANSMISSION 


of 350 volts per gap is reached, there will be a glow discharge in 
the air gaps between the discs. In this manner and by providing 
the necessary surface area to the discs, very large currents may 
be discharged for short periods of time. A distinctive feature of 
very great advantage of this arrester over other types of air-gap 
arresters is the fact that when the voltage drops to normal, the 
high resistance of the air gaps—which had been greatly reduced 
during the glow discharge—is again restored, thus shutting off the 
power current which otherwise would pass from line to ground. 
This arrester is, therefore, of the ‘Waive type, its behavior being 
generally similar to that of the electrolytic and oxide-film types 
referred to in the following articles. 

118. Aluminum-cell Arrester.—When two aluminum electrodes 
are immersed in a suitable electrolyte, an insulating film of 
hydroxide of aluminum is formed on the surface of the metal; 
this effectually prevents the passage of any appreciable amount of 
current until a certain critical voltage is reached, when the film 
breaks down and the current is^ limited only by the resistance 
of the electrolyte. On lowering the voltage, the film is re-formed 
and the flow of current again limited to a very small amount. 

With alternating currents, the critical potential difference per 
pair of plates is about 350 volts, and the practical construction of 
lightning arresters on this principle consists in stacking a large 
number of cone-shaped aluminum plates one within* the other, 
with suitable separating washers of insulating material between 
them. In this manner a column is formed of a large number of 
cells in series, capable of withstanding high voltages. The whole 
is enclosed in a case containing oil, which improves the insulation 
and prevents the evaporation of the electrolyte which fills the 
spaces between adjacent trays within a short distance of the edge. 

If cells built up in this manner are connected directly between 
line and ground, there will be an appreciable current passing 
through them, which is partly a leakage current, but chiefly a 
capacity current. It is, therefore, customary to insert a spark 
gap, usually of the horn type, in series with the aluminum-cell 
arrester, the gap being set to break down with a pressure slightly 
in excess of the normal working voltage. 

Although the film of hydroxide is formed on the plates at the 
factory before the arresters are installed, it is necessary to main¬ 
tain it by periodic “charging'' of the cells, this being done by 
closing, or nearly closing, the spark gap in series, so as to put the 
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full line pressure across the arrester. It is generally recom¬ 
mended that this be done once every day. 

The effect of ^'charging’' the cells, by passing an alternating 
current through the arrester, is to coat the electrodes with a thin 
insulating film of hydroxide of aluminum, the thickness of which 
is sufl[icient to withstand the line voltage. When this film is 
punctured by an overvoltage, the current passing through the 
many minute punctures re-forms the insulating film and thus 
prevents the passage of any but capacity and leakage currents 
until the applied pressure again exceeds the critical voltage. 
This particular type of arrester is. therefore, well adapted for 
the protection of large h%h-vultage a.c. systems, and in prac¬ 
tice it has given excellent service. Its chief disadvantages are 
its high cost, the attention it requires in the matter of periodic 
charging, the impossibility of testing its condition while in use, 
and the necessary spark gap which may be the cause of destruc¬ 
tive oscillations in the system. It is true that, on high-pressure 
systems, the surges set up by spark gaps in series with the cells 
are unlikely to cause serious trouble, but this suggests the possi¬ 
bility of using simpler and less costly devices. If the aluminum- 
cell arrester could be so modified that it could be permanently 
connected between line and ground without a spark gap in series, 
and if the necessity for daily charging'^ could be dispensed with, 
this type of protective device would be ideal for use on high- 
voltage a.c. systems. 

119. Oxide-film Lightning Arrester.—What is known as the 
oxide-film arrester has two particular operating advantages in 
that it has no liquid electrolyte and it does not require daily 
charging.^' The electrodes of this arrester are circular discs 
of sherardized iron held apart by a porcelain ring, the active mate¬ 
rial between the plates being lead peroxide (Pb02). This mate¬ 
rial is a fairly good conductor of electricity, but the effect of 
heat caused by an electric discharge is to convert it into a lower 
oxide (PbO), which is an insulator. Under the action of the 
line voltage the growth of this non-conducting film at the surface 
of the electrodes continues until it is thick enough to check the 
flow of current, the electromotive force across each pair of elec¬ 
trodes being from 250 to 300 volts. The number of cells in series 
is such that only a very small leakage current passes through the 
arrester when subjected to normal line pressure. Nevertheless 
it is found necessary to provide a spark gap in series, which is one 
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of the disadvantages which it shares with almost every other type 
of lightning arrester. When an overvoltage occurs, i.e.j when the 
spark gap discharges, the insulating film of oxide is punctured 
and the discharge takes place through the lead peroxide, but the 
puncture holes are sealed up by the passage of the current. 
The oxide-film arrester can be used on high-voltage a.c. circuits 
in places where there are no attendants and where certain other 
types of equipment could, therefore, not be used. 

120. Choke Coils.—When a lightning arrester is connected 
between line and ground in or near generating or sub-vstations for 
the purpose of providing a path to ground for high-frecpiency 
surges, an inductive reactance is placed in series with the appara¬ 
tus to be protected. This reactance must not bo so great as to 
cause a serious drop in pressure when cari’ying the normal line 
current, neither must it be so small as to allow the induced charges 
traveling along the line to pass through it rather than jump the air 
gap of the lightning arrester. This reactance usually takes the 
form of an air-insulated coil of copper wire or rod, supported at 
each end on a suitable insulator. The ^Tiour-glass’’ form of coil, 
in which the diameter of the turns increases from the center 
toward both ends, is mechanically stiffer than a cylindrical coil, 
and any arc that might be started between adjacent turns has a 
greater tendency to clear itself. The air space between turns is 
usually from in. It has sometimes been argued that, 

except for the drop of pressure under working conditions and the 
higher cost, there is no objection to installing very large choke 
coils having a high inductance. This argument is, however, 
incorrect, except for the special case in which some protection 
against surges is provided on the machine side of the reactance 
in addition to the lightning arresters on the line side. A high 
reactance may be quite satisfactory if it is merely intended to 
hold back high-frequency currents traveling along the line; but 
surges may originate near the generators or transformers due to 
switching operations or other causes, and a very high reactance 
between the electrical plant and the line will tend to aggravate 
the effect of comparatively low-frequency surges which might 
otherwise be dissipated in the line, or even through the lightning 
arrester. In fact, choke coils should be designed with due 
regard to the apparatus they are intended to protect, with a view 
to avoiding the building up of high voltages at the terminals of 
the generating plant in the event of surges being set up in or near 
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the plant itself. When the lightning arrester discharges, it does 
not follow that high-frequency waves do not find their way 
through the choke coil to the machines; but the inductance of 
the choke coil will lower the frequency of such waves, or, in other 
words, will reduce the steepness of the wave front to such an 
extent that the insulation of the machines will not be injured. 
The first few turns of a transformer or generator winding will 
act as a choke coil and usually prevent damage to the turns 
farther removed from the terminals; but they are likely themselves 
to suffer injury, as the charge will h ap across the insulation and so 
get to ground. If it is assumed that the reactance' of the first 
six turns of a transformer winuing is sufficient to afford protection 
to the seventh and subsequent turns of the winding, then a choke 
coil having a reactance equal to that of the six turns of trans¬ 
former winding will afford the necessary protection to the trans¬ 
former. A higher reactance in scries is unnecessary and may be 
dangerous. 

As an example of what appears to be generally sufficient to 
afford reasonable protection to modern machinery, about 25 turns 
of copper rod wound into a coil 10 in. in diameter may be used on 
voltages from 10,000 to 25,000, while for pressures of the order of 
100,000 volts, two such coils would be connected in series. The 
diameter of the copper rod would depend upon the current to b(* 
carried; but it is best to have it largo enough in all cases to be 
self-supporting, although coils wound on insulating frames, with 
separating pieces between turns, are not necessarily objectionable. 

121. Concluding Remarks on Lightning Protection.- The best 
means to adopt for the protection of any particular line or portion 
of a line against lightning disturbances is still largely a matter of 
conjecture, but by the exercise of sound judgment, an experi¬ 
enced engineer should be able to provide reasonable protection 
against discontinuity of service during atmospheric disturbances. 
There are many devices to choose from, each of which has a par¬ 
ticular field of usefulness. It is probable that, in a few years’ 
time, the additional information on this subject, which is contin¬ 
ually being accumulated, will lead to uniformity in the protective 
arrangements adopted under the various conditions arising in 
practice. In the. meanwhile, however, a careful record of all acci¬ 
dents due to lightning or abnormal pressure rises should be kept in 
connection with each power system with overhead transmission, as 
this will generally lead, after careful investigation, to certain ampli- 
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fications or modifications of the existing protective arrangements 
such as to prevent the repetition of similar accidents. In this 
manner, very fair protection can be afforded at the present day 
to almost any overhead transmission system; but it is doubtful 
if it will ever be possible to protect apparatus against a direct 
lightning stroke. Damage to machinery due to this cause is, 
however, very rare. 

In regard to the protection of the line itself, it is obvious that 
protective devices, however complete or perfect they may be, 
provided at the two ends of a long transmission, afford no protec¬ 
tion to the insulators along the line. The frequently grounded 
guard wire would appear to be a good protection to a line; but 
here again the engineer must use his judgment, because certain 
portions of a line may require far more protection than other 
portions, and even if the cost of guard-wire protection be con¬ 
sidered excessive for the entire length of a long-distance trans¬ 
mission, it may yet be a decided advantage to provide guard-wire 
protection near the generating and transforming stations and 
on those parts of the line most likely to be affected by atmospheric 
disturbances. 

In some cases, it may be wise to improve the insulation and 
to raise the voltage at which a “spill-over^' will occur; while 
under other circumstances it might be better to provide an easy 
path for a discharge over insulators, by means of suitably dis¬ 
posed arcing rings or equivalent arrangement. P. H. Thomas 
once explained the matter of line insulation by making use of a 
very simple analogy. Where a discharge strikes the line, a wave 
starts and the potential of this wave will be such as can be allowed 
by the line itself; the energy of the discharge is limited by the 
static capacity of the line and the voltage at which a “spill-over" 
will occur at the insulators. The energy of the traveling waves 
“grows less and less as they proceed. This action may be likened 
to the formation of a wave in a long, narrow trough with high 
sides containing water and normally less than half full, by sudden 
flooding of the trough by a large quantity of water at some par¬ 
ticular point; the excess water spills over and escapes from the 
trough at the point of the flooding, but there is still a wave started 
in each direction as high as the sides of the trough will permit; 
this passes along until the end is reached or the energy of the 
wave is gradually dissipated. It makes no difference how much 
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water is thrown into the trough, there can be a wave only as high 
as the sides will permit/^ 

One point that is sometimes overlooked is the effect of the line 
current on pressure disturbances. ^ The disturbances that are set 
up by switching operations or by power arcs following a light¬ 
ning discharge will be far more serious when the current is large 
than when it is small. This is one reason why extra-high-tension 
transmissions suffer less from lightning disturbances than moder¬ 
ate-voltage systems on which the current is often larger. It is 
hardly an exaggeration to say that the handling of heavy cur¬ 
rents on long-distance transmissi^ms presents more engineering 
difficulties than insulation pr'^belms on the high-voltage schemes. 

Very-high-voltage transmission lines do, indeed, operate satis¬ 
factorily without lightning protection, especially when working 
at pressures near the critical voltage of the corona formation, and 
some relief to high-pressure energy is afforded by the corona 
itself. 

It will be gathered from the foregoing remarks that not only the 
pressure of transmission, but the amount of power transmitted, 
is an important factor in the problem of lightning protection. 

It is possible that the near future may see some developments 
in the matter of facilitating the dissipation of high-frequency 
energy in the line itself, with the object of rapidly limiting the 
amplitude of the traveling waves and the distance from the 
center of disturbance at which their effects can be of practical 
account. It is obvious that what is required is a line that will 
transmit, without undue loss, the power currents at normal fre¬ 
quency, and yet afford means for the rapid dissipation of high- 
frequency energy. Apart from the property peculiar to the 
corona, which leads to the dissipation of energy on over-voltages, 
there is a property common to all metallic circuits which leads 
to the more rapid dissipation of high-frequency than of low-fre¬ 
quency energy, ^he so-called ‘"skin effectwhich apparently 
increases the resistance of a conductor carrying alternating or 
fluctuating currents, owing to the forcing of the current toward 
the outside portions of the wire at the higher frequencies, is 
clearly of value in limiting the distance over which high-fre¬ 
quency disturbances are propagated.*^ By covering the conductor 
with a thin layer of high-resistance metal, astonishing results can 
be obtained. Experiments made with wires having a coating 
of nickel only 0.07 mm. thick showed that the resistance offered 
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to currents of 300,000 cycles per second was four times the resist¬ 
ance offered by the same wires without the coating of high- 
resistance metal This was referred to by Gino Campos at the 
Turin International Electrical Congress of 1911. 

Much may be accomplished by a careful study of local condi¬ 
tions and by the intelligent selection of such protective apparatus 
as may be available. On the other hand, it is not improbable 
that the coming years will sec fewer rather than more protective 
devices than are now used. Careful design of the line as a whole, 
with the provision of suitable choke coils at the ends, or the 
special insulation of the end turns of the transformer windings to 
withstand very much higher pressures between turns than the 
remainder of the high-tension winding, will frequently be all that 
is necessary. Even if the installation of costly apparatus ina.y 
slightly decrease the risk of damage by lightning, the economic 
aspects of the problem should be carefully considered before decid¬ 
ing to provide the additional protection. 

For comparatively low voltages th(^ use of condensers appears 
to be justified; but they are always costly, and it is questionable 
whether the money invested in thorn might not with advantage 
be spent on improved insulation, especially in the immediate 
vicinity of the terminal apparatus. 

It must not be forgotten that nearly all existing types of pro¬ 
tective devices momentarily connect the system to ground across 
what may be termed explosive distances in air. Such devices— 
as explained in preceding articles—are always apt to cause more 
trouble than the particular disturbance they are intended to 
prevent. Instead of inviting an ^Sact of God’’ by the installation 
of more or less ingenious high-priced apparatus of uncertain pro¬ 
tective value, it is beginning to be recognized that economy and 
better service conditions may be obtained by the intelligent 
reinforcing of insulation where this will be most effectual, and by 
the provision of carefully designed preventive resistances, react¬ 
ances, or condensers, which do not lead to disruptive discharge 
when abnormal voltages are induced on the line, and are not 
dependent upon the momentary grounding of the system to 
relieve it of the abnormal transient voltages. 

It is now customary to omit lightning arresters from high-pres¬ 
sure (220,000-volt) overhead transmission systems, and operate 
with star-connected transformers, the neutral being either solidly 
grounded, as in America, or grounded through a properly designed 
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resistance or reactance, with or without a spark gap in series, 
as in Europe. 

122. Continuity of Service. Localizing Faults.—Electrical 
troubles on overhead lines may be due to faulty insulators, or 
they may have their origin in lightning or switching operations 
causing high-frequency oscillations and abnormally high voltages, 
leading to fracture of insulators or breakdown of machinery. 
Flash-over of suspension-type insulator units has frequently 
been caused by droppings from large birds, eagles, hawks, and 
even owls, roosting j)erching above the insulators. The 
provision of saw-tooth guards or pointed rods designed to encour¬ 
age the birds to see^k other rv^osting places appears to be the solu¬ 
tion of this particular trouble.^ 

Troubles are more likely to be‘ due to mechanical defects, or 
mechanical injuri#‘S sometimes difficult to fon'see and guard 
against. Trees may fall across the line, land slides may occur and 
overturn supports, or severe Hoods may wash away pole founda¬ 
tions; and against such possibilities the engineer must, hy the 
exercise of judgment and foresight, endc^avor to protect his work. 
The width of the right of way should depend upon the height of 
trees and should be so wide that the tallest tree cannot fall across 
the wires; poles and towers should, if possible, be kept away from 
the sides of steep hills wherethenaturcof the ground suggests the 
possibility of falling stones or of land slides, and the possibili¬ 
ties resulting from floods must be reckoned with. Other causes 
of mechanical failure are storms of exceptional violence, either 
with or without a heavy coating of ice on the conductors. When 
strong winds blow across ice-coated wires, the danger is not only 
that the wires themselves may break, but also that the resulting 
horizontal loading on the poles or towers may be great enough 
to break or overturn them. 

Faulty mechanical design of the line as a whole, and improper 
supervision or inspection during construction, will account for 
many preventable interruptions to service, but even with the 
best and most substantial construction there is always the 
possibility of trouble arising at some place on a transmission line 
of considerable length. 

Assuming the design and construction of the overhead trans¬ 
mission system to be in accordance with sound engineering 
practice, continuity of service will still be dependent upon 

1 See Elec. World, p. 611, Mar. 21, 1925, and p. 1058, Nov. 21, 1925. 



346 


ELECTRIC POWER TRANSMISSION 


thorough and periodic inspection and the maintenance of the line 
in proper condition. Attention to these matters is the duty of 
the operating and field engineers, and it is not proposed to discuss 
the subject in detail in these pages. The practice of working on 
live circuits—thus effecting replacements and carrying out repairs 
without disconnecting the line—is becoming more and more 
common.^ Methods of detecting defective or leaky insulators 
w^re briefly referred to in Art. 78, Chap. VIII.^ 

123. Interference between Power and Telephone Lines.— 
Although the question of interference between power lines and 
neighboring telephone lines is a very important one, it is also a 
difficult one to settle satisfactorily or even discuss adequately 
in a book dealing primarily with the design of high-tension trans¬ 
mission lines. The problem is of particular interest to the tele¬ 
phone engineer who will no doubt ultimately find a satisfactory 
remedy for the very real troubles which are likely to occur— 
especially when abnormal conditions lead to unbalancing of the 
power load—when telephone wires run parallel to a.c. power lines 
for a considerable distance. 

It is a comparatively easy matter to calculate the flux of 
induction which the current in the power conductors will set up 
in the loop formed by the telephone wires, and by carefully 
planned and frequent transpositions, this effect can be greatly 
reduced if not entirely overcome; but the electrostatic effects are 
probably of greater importance and are less easily remedied. 

Insulation of Telephone Lines .—It has only lately been realized 
that one of the essential requirements for telephone lines strung 
on the same supports as, or very close to, high-pressure power 
conductors, is high insulation. This good insulation is neces¬ 
sary to prevent puncture of the insulators when high poten¬ 
tials are induced on the telephone wires at times of abnormal 
conditions—such as intermittent short-circuits, or lightning 
disturbances—on the power lines. As an example of good 
practice in this respect, the Georgia Railway and Power Company 

^ See Elec. World, vol. 79, p. 601, Oct. 1, 1921; also vol. 75, p. 1140, 
May 15, 1920; vol. 74, p. 993, Nov. 29, 1919; and vol. 88, p. 707, Oct. 2, 1926. 

2 For further information dealing with this particular phase of the general 
problem of maintaining satisfactory continuous operation, the reader should 
refer to the following articles, all of which have appeared in the Elec.World: 
Aug. 8, 1925; 4ler, G. A., (testing stick); Apr. 12, 1924; Bennett, C. E. 
(aislometer); June 16, 1923, Doble, F. C. (general, with theory and 
d<3Scription of methods); Oct. 24, 1914 (telephone receiver). 
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has provided insulators suitable for a working pressure of 27,000 
volts to carry the telephone wires which parallel their 110,000-* 
volt power lines. 

Electrostatic Induction .—The dielectric field due to the alter¬ 
nating voltage of the power conductors induces a varying charge 
upon the neighboring telephone wires. vff each wire of the 
telephone line were at an equal average distance from each 
conductor of the power line, there would be no difference of poten¬ 
tial created between the two sides of the telephone recover, and 
there should be no buzzing, etc. due to this cause. ‘'In other 
words, with adequate, proi>e4y worked out transpositions, the 
capacity currents passing^efcween the power line and the tele¬ 
phone line will not pass through the telephone receiver. But 
even if the electrostatic fiux is at all times of the same kind and 
amount for both Vvires of a telephone circuit, this does not prevent 
the telephone circuit as a whole being subject to alternating 
pressures relative to ground, and these pressures may reach high 
values, depending upon the voltage of the power line and the prox¬ 
imity of the two (parallel) circuits. If the telephone circuit is 
grounded, the charging current passing between the power con¬ 
ductors and the telephone line will find its way to ground by 
flowing along the telephone wires, and since this current may 
amount to several amperes, trouble is almost certain to occur 
unless what are known as drainage coils are provided. If a’ 
choke coil with an iron core—such as the primary of an ordinary 
lighting transformer—is connected across the two wires of the 
telephone circuit and then has its middle point connected to 
ground, the electrostatic charge will be ^‘drained’^ off the line 
without interfering with the operation of the telephone. The 
telephone line paralleling the 110,000-volt transmission of the 
Georgia Railway and Power Company is provided with 15- and 
25-kw. standard 2,300-volt distribution transformers (with open 
s^ndaries) for this purpose. 

When the telephone wires are carried on the same poles as the 
power conductors, the induced potential difference between line 
and ground may amount to thousands of volts. In addition to 
draining coils, high insulation of the telephone line is, therefore, 
required, including specially insulated transformers, platforms, 
etc. for the protection of men working on the telephone line. 

Since the important range of frequency in telephone conversa¬ 
tion is betwee n 200 and L2QQ cycles per second, electric waves of 
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frequencies between these values are particularly to be avoided. 
This suggests the desirability of eliminating the higher harmonics 
from the power circuit so far as possible by striving for a sine- 
wave of e.m.f. and current. Another reason why the higher 
harmonics are objectionable is the fact that the magnitude of the 
inductive effect on parallel circuits is proportional to the frequency. 

Magnetic Induction .—Referring to Fig. 122, the voltage 
'iiduced by the single-phase power circuit AB in the loop formed 

by the wires C and D of the parallel 

1 telephone circuit may be calculated as 

follows if it is assumed that there are 



Fig. 122.—Telephone wir<*s 
on same i)plG as single-phase 
power cireilit. 


no transpositions and that the current 
wave is a pure sine curve. 

By formula 92 (Art. 82) the flux in 
the loop CD due to the conductor A 
carrying a current T is 

2Il\\ /a A , /aAl 


and the flux due to the current 
the conductor B is 

2//r, /hA , / 


the total flux being 
10 




By making the substitution and alter¬ 
ations as in obtaining formula (94), 


Volts induced per mile run of the 
two parallel circuits 


= 0.00466// log 



(158) 


Since the value of log 1 is zero, there will be no flux linkages 
with the telephone circuit when the condition adh = a.hd is 
satisfied (see Fig. 122). This would be the case in either of the 
arrangements shown in Fig. 123. It is true that these arrange¬ 
ments refer to a telephone line running parallel to a single-phase 
power circuit, and that in any case transpositions would probably 
be necessary in practice; at the same time, attention should be 
given to the relative positions of power and telephone lines, apart 
from the question of transpositions. Practical methods of trans- 
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posing both powei* and telephone wires will not be considered 
here, as the number of possible conditions to be remedied is almost 
unlimited; but once the principle is understood, some means of 
obtaining the required result can generally be found. Transposi¬ 
tions on the high-tension power lines should be avoided as far as 
possible, and it should not be necessary to transpose the power 
conductors of a high-voltage transmission line at more frequent 
intervals than every mile. 

Although formulas (1,57) and (158) were worked out, for sim¬ 
plicity, by taking the case of a single-phj'se transmission, the 
inductive effects of any nuPi'oer of powca conductors may be 



Fi(i. 12S.—Arrari^rorrjpiit of wires to avoid maffnpti<‘ induction in tC‘loi>h()nt‘ 

circuit. 


calculated in a similar manner, proper attention being paid 
not only to the magnitude but also to the direction, or phase 
relation, of the currents in the several conductors (refer to Art. 
85, (.^hap. IX). 

The fundamental frequency / occurs in the formulas, because 
pure sine-waves are assumed; but it should be pointed out 
that disturbances due to voltages and currents of the fun<^ 
mental frequency have little effect on the telephone, the ch™ 
trouble being due to the fact that in practice the pure sine-waves 
are not obtained, a nd the higher harmonics , even when of small 


magnitud e, a re likely to produce noises in so sensitive an instr u- 
ment as the telephone receiver, which may render conversation 


impossible. 
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It is not proposed to discuss here the protective apparatus 
as used on telephone circuits paralleling power lines, partly 
because the subject is somewhat beyond the scope of this book, 
but also because the troubles of the telephone engineer in this 
connection have not been entirely overcome, and he is still work¬ 
ing on the problem. By the cooperation of power and telephone 
engineers, much may be and has already been accomplished. 
It is unreasonable and uneconomical to look for the final solution 
of these interference problems in the wide separation between 
power and telephone circuits; but, on the other hand, with the 
growth of radio communication and the possibility of using the 
power conductors themselves for the transmission of telephonic 
messages, there will probably be less need in the future for carry¬ 
ing a metallic telephone circuit parallel to the power lines. 



CHAPTER XII 


TRANSMISSION OF ENERGY BY CONTINUOUS 
CURRENTS 

124* Historical.- The first iittenipts at. transmitting energy 
electrically were made with contifiaous currents. In the year 
1880, or thereabouts, Gu»tave Cabanellas anticipated the Thury 
system by proposing to trar>smit energy by using a continuous 
current of constant valuf. obtained from a number of dynamos 
connected in series. In 1883 Marcel Deprez exhibited at Munich 
two Gramme dynamos, specially wound for 2,400 volts, transmit¬ 
ting about 5 kw. over a distance of 8 km. In 1887 about 130 kw. 
were transmitted from Oeil to Paris (about 53 km.), using con¬ 
tinuous current at 10,000 volts. Later installations, including 
one of 1,000 kw. from Saint-Owen to Paris and another near 
Genoa (27 km. at 12,000 volts), were in successful operation until 
the year 1900 and probably later.' At this time it was gen¬ 
erally thought that long-distance tran>smissions at high pressures 
would, in the future, be by continuous currents, and in 1902 R, 
Thury, working on the suggestion originally made by Cabanellas, 
developed his constant-current series system and transmitted 
150 amp. at a maximum of 27,000 volts from St. Maurice to 
Lausanne. 

Following the work of Nicola Tesla, and the practical trans¬ 
mission by three-phase currents by Dolivo Dobrowolski at the 
Frankfort Exposition in 1891, and also the pioneer work of S. Z. de 
Ferranti who transmitted underground by single-phase current 
at 10,000 volts from Deptford to London, the possibilities of 
alternating currents and the ease with which the pressure could 
be raised or lowered by static transformers led to the rapid use of 
polyphase currents for long-distance transmission of energy. 

126. Present Status and Future Prospects of A.C. Transmis¬ 
sion. —Of the present status of power transnaission by alternating 

^ A complete list of the earlier d.c. transmissions using generators in series 
will be found in the paper by J. S. Highfield in the (British) Jmr, Inst, 
Elec, Eng,y vol. 61, p. 640, 1913- 
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currents, little need be added to what has already been said, 
since the preceding chapters have dealt mainly with the theory 
and principles underlying present-day methods of electrical 
transmission nearly all of which—especially in America—is by 
means of polyphase alternating currents. An enormous amount 
of literature treating of electrical transmission from both the 
theoretical and operating points of view has been published during 
recent years, and some of the many articles and papers should 
be referred to in order to realize what has been accomplished, 
including the latest 220,000-volt long-distance transmissions.^ 

It is important to bear in mind that 220,000-volt transmission 
lines can be economical only when large amounts of energy have 
to be transmitted over long distances. In the future, higher 
pressures will probably be used. Assuming that it should ever 
be desirable to transmit so great a distance as 1,000 miles from a 
single generating station, line pressures of the order of 1,000,000 
volts might be justified, and the feasibility of using voltages 
considerably higher than those of the present day has been 
demonstrated by tests recently conducted by the General Electric 
Gompany at its Pittsfield works. In order to avoid excessive 
losses due to corona, hollow conductors of large diameter would 
be necessary in connection with very high voltages. The use of 
higher pressures for the transmission of greater amounts of energy 
over greater distances is not likely to stand in the way of future 
developments of tlu'ee-phase transmission systems; the obstacles 
to very rapid development are chicliy due to the fact that the 
current is alternating and not uni-directional, thus introducing 
certain difficulties due to the effects of inductance and capacity. 
These difficulties are not always easy to foresee7and they require 
for their correction or control additional apparatus which is 
always costly, frequently complex, and occasionally unreliable. 

^ It is difficult to make selections from the large amount of material 
available, but a good summary of what has been accomplished by the 
South(^rn California Edison Company transmitting at 220,000 volts from 
their Big Creek hydroehictric plants near Los Angeles, will be found in 
Trans, A.I.E.E., voL 43, p. 1222, 1924. See also particulars of the Pitt 
River and Hat Creek developments of the Pacific Gas and Electric Company 
in articles by F. G. Baum and S. Barfoed in the Elec. World, Jan. 27 and 
Feb. 3, 1923. As an example of a modern 220,000-volt transmission in 
Pennsylvania, see the dt^scription of the Wallenpaupack hydroelectric 
development of the Pennsylvania Power and Light Company by A. E. 
Silver and A. C. Clouqher in the Elec, World, July 24, 1926. 
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One of the questions to which engineers have recently been 
giving attention is what has been referred to as the stability of 
transmission systems^ a term which has not been very clearly 
defined, but which includes something more than the power limi¬ 
tations under normal operating conditions. Stability involves 
many factors besides the electrical constants of the line itself. 
For instance, if an electrical disturbance occurs due to any cause, 
the ability of the system to regain equilibrium, that is to say, to 
damp out or check an^" tendency on the part of machines to swing 
out of step, will depend upf>ii a great niany factors such, for 
instance, as the amouiit and power factor of the load at the 
instant the (listiirbar.cv. occurs, the location, capacity, and 
characteristics of synchronous reactors, and the nature of the 
regulation in the fielc! windings of generators, whether quick or 
slow in correcting changes in voltage. 

The mathematical solution of problems invt>lving the stability 
of a.c. transmission systems is possible when all the conditions 
and necessary data are known; but on account of the complexity 
of modern interconnected systems, it is almost impossible to 
predict exactly what will happen when the normal conditions of 
operation are suddenly disturbed. A valuable collection of half 
a dozen j)apers bearing on this aspect of future developments in 
power transmission by alternating currents will be found in 
Transactions A.l.E.E.^ Perusal of these papers will convince 
the reader that the determination of the maximum load which a 
large transmission system may safely carry is not a simpkj mattei-, 
and that although the doctors may successfully diagnose a cas(^ 
that is comparatively free from complications, they are not all 
agreed as to the most desirable remedy or as to its efficacy when 
applied. The reason why considerable attention has been given 
of late years to the question of stability is that, with the increasing 
magnitude and high cost of modern high-voltage long-distance 
transmission systems, it becomes important to transmit as large 
an amount of energy as the system is capable of transmitting 
without running too great a risk of endangering the quality or 
continuity of the service. 

1 Vol. 43, pp. 1-103, 1924. Refer also to the following more recent papers: 
CijAKKE, Edith, **Steady-state Stability in Transmission Systems,’^ 
Jour» A.I.E.E., April, 1926; Shirley, O. E., ^‘Stability Characteristics of 
Alternators” and Nickel, C. A., and Lawton, F, L., “An Investigation of 
Transmission Line Power Limits,'^ both papers in Jour. A.I.E.E., September, 
1926. 
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The remainder of this chapter will be devoted to a brief investi¬ 
gation of what has been accomplished and what may yet be done 
in the matter of long-distance transmission by means of continu¬ 
ous currents. 

126. General Description of the Thury System.—In the Thury 
system of electric power transmission by continuous currents, 
the current is constant in value and the pressure is made to vary 
with the load. All the generators and all the motors are con¬ 
nected in series on the one wire, which may be in the form of 
a closed loop serving a wide area, or it may consist merely of the 
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teaob 


300 K.W. 
3000 Volte» 


Fig. 124. —Diagram of connections—Thury series system. 


outgoing and returning wires between a power station containing 
all the generators, and one or more substations, with motors, at 
the end of a direct transmission. The diagram Fig. 124 shows a 
typical arrangement of machines for a small installation on the 
Thury system. In this example there are four generators at one 
end of the line and seven motors of various capacities at the other 
end of the line, all the machines being connected in series and 
provided with short-circuiting switches. The connections are, 
however, so simple that the diagram is self-explanatory. The 
voltage at the terminals of any one dynamo is limited, because the 
necessity for a commutator renders it impossible to wind a con- 
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tinuous-current machine for so high a pressure as may be obtained 
from a.c. machines. The limiting pressure per commutator on 
the existing Thury systems is 5,000 volts, this being on the 
machines of the Metropolitan Electric Supply Company of 
London: the lowest is 1,300 on a small two-generator plant in 
Russia. 

In order to obtain the high pressures required for economical 
transmission over long distances, it is necessary to connect many 
generator units in series; the difficulty of insulation between 
machines and ground being overcome by mounting the dynamos 
and motors on insulators and providing an insulated coupling 
between the electric gene rators and the prime movers. An insu¬ 
lating floor is also provided. 

When a machine, whether generator or motor, is not in use, 
it is short-circuited through a switch provided for this purpose. 
As the motor load varies, generators are switched in or out of 
circuit, thus varying the total voltage. When it is required 
to switch in an additional generator, the machine is brought up 
to speed until it gives the proper line current before the short- 
circuiting switch is opened to throw the machine in series with 
the line. To start up a motor, the short-circuiting switch is 
opened when the brushes are in the position of zero torque. 
The brush rocker is then gradually moved round, and the motor, 
starting from rest, increases in speed until the brushes are in the 
required position; the actual speed, for any particular position 
of the brushes, being dependent upon the load. 

The motors may be distributed anywhere along the line, 
either on the premises of private users of power, where they may 
be directly coupled to the machinery to be driven, or in substa¬ 
tions, coupled to constant-pressure electric generators giving a 
secondary supply for lighting and power purposes. In most of 
the Thury undertakings in Europe, this secondaiy supply is 
three-phase alternating current. 

A series-wound dynamo machine, with a current of constant 
value passing through field-magnet and armature windings, is 
essentially a constant-torque machine. In the case of a motor, if 
the load is decreased, the motor will increase in speed and tend to 
^^run away with increase of load, the motor will slow down, and 
in time come to a standstill. In regard to the generators, the 
ideal prime mover is one which will give a constant torque, 
such as a steam engine with fixed cut-off and constant steam 
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pressure; and a single generator so driven would be practically 
self-regulating and maintain constant current regardless of load, 
as the speed and, therefore, the pressure at terminals would 
vary in accordance with the motor load. The generators are, how¬ 
ever, usually driven by prime movers which are far from fulfilling 
the ideal conditions. Most of the Thury stations are driven by 
water turbines, which are most efficient as constant-speed 
machines; while the maximum torque at low speeds is generally 
about twice the torque under conditions of highest efficiency at 
normal speed. 

Just as various devices are provided, when working on the 
parallel system, to maintain constant pressure of supply, so in 
the series system it is necessary to provide regulating devices to 
maintain a constant current. Regulators controlled by the main 
current or by a definite fraction of the main current passing 
through a solenoid can be made to act on mechanism designed 
to vary the spewed of the prime movers. This method is quite 
practicable, but where the type of engine, such as a water wheel 
under constant head, is not suited to variable-speed running, 
the machines may be run at constant speed, and the automatic 
device made to alter the magnetic field cut by the armature 
conductors, this being the only alternative means of varying 
the voltage generated. The alteration of the effective magnetic 
flux may be accomplished: 

1. By shunting a portion of the main current so that it shall 
not all pass through the field winding. 

2. By shifting the position of the brushes on the commutator. 

A combination of both methods appears to give satisfactory 

results. The method (1) alone is likely to lead to sparking 
troubles because of the relatively greater armature reaction due 
to the weakening of the field; and, in practice, it is found inad¬ 
visable to shunt more than one-third of the total current. It is, 
of course, understood that the large variations of voltage are 
obtained by connecting more or fewer generators in series on the 
line. 

The motors, whether connected directly to the machinery of 
mills or factories or used for driving sub-generators of the con¬ 
stant-pressure type, are usually required to run at constant speed. 
Their regulation is effected by a small centrifugal governor which 
rocks the brushes by acting on intermediate mechanism driven 
by the motor itself. The reversal of a motor is most simply 
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effected by shifting the brushes round through the no-voltage 
position until the current reverses in the armature coils. 

A short-circuit on a motor merely removes that portion of 
the total load from the system, and the regulators on the gener¬ 
ators will readjust the pressure accordingly. If a short-circuit 
occurs on a generator, the prime mover may be protected from 
the shock by a slipping coupling, which is commonly provide<l. 
If, owing to the failure of a prime mover, a generator tends to 
reverse and be driven as a motor, it may be short-circuited by a 
switch that can very easily be made to 0}>erate automatically on 
reversal of current. 

127. Straight Long-distance Transmission by Continuous 
Currents.—Although high-pressure direct current may be used 
on the loop system with any number of motors or motor substa¬ 
tions distri'Outed along the line—and, ii desired, with any number 
of generating stations at suitable points on the loop it will 
generally be found that a parallel constant-pr(\ssur(i system is 
preferable for covering a large industrial area, the sim[)le r(‘ason 
being that, with the series system having a load more or loss 
uniformly distributcKl along the looj), tlie system is a high-ten¬ 
sion transmission at the start only, since the nKpiinMi voltage 
d(icroases with the distance from th(^ generating plant. It is t!*ue 
that the cost of the insulation may, therefore, be l(‘ss tlnin for a 
system on which the pressure is high throughout, but that c.an be 
said of any low-tension system. The point is that, in tlie case* of 
the series loop serving a wide district, with pow('r talceri otf at 
intervals along the line, the average pressure at wliic^li }}ow(‘r is 
supplied to the motors or substations is only about Jialf that 
which is supplied to tlie line where it leaves the power station. 
It must not be concluded that the Thury system is not well 
adapted to supplying several motor substations. It is an easy 
matter, as previously mentioned, to connect any number of 
motors in series on the line, but in order to get the full benefit 
of the series system these substations should all serve a com¬ 
paratively small district at the distant end of the transmis¬ 
sion line. 

Apart from these considerations, and notwithstanding the 
advantages of a long-distance straight transmission, the Thury 
system would appear to be admirably adapted to servo as a link 
between otherwise isolated power plants in an industrial or thickly 
populated district of considerable area. By means of this 
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system there is not the slightest difficulty in putting in series 
a number of generating stations on the one power line, and 
stations supplying alternating current of various voltages and 
frequencies can thus be linked together with the greatest ease 
and simplicity. 

128. Insulation of Line when Canning Continuous Currents.— 

The question of sparking distances and the behavior of insulating 
materials when subjected to continuous-current pressures of 
high values is of the greatest importance when considering the 
relative values of the Thury system and the more common three- 
phase high-tension transmission. On the assumption of the 
theoretical sine-wave, the maximum instantaneous value of an 
alternating e.m.f. is times the root-mean-square value, and 
comparisons between a.c. and d.c. transmission are usually made 
on this basis, which makes the allowable continuous-current 
pressure to ground or between wires, for the same insulation and 
spacing, y/2 times the working pressure of an a.c. system. The 
ratio should, however, be based on experimental data, and, with 
a view to obtaining definite and conclusive information on this 
point, Mr. Thury conducted some years ago a very complete set 
of comparative tests with high voltages, both continuous and 
alternating. The results of these tests are probably more favor¬ 
able to the a.c. systems than would have been the case had 
they been conducted on existing high-pressure power trans¬ 
mission systems, because the experimental alternator used in 
the tests gave a rather flat-topped e.m.f. wave without any 
irregularities. The tests conducted to determine the compara¬ 
tive pressures at which various insulating materials would be 
punctured all tend to show that, with continuous currents, 
something more than twice the alternating pressure is required 
to puncture the insulation; and, in regard to sparking distances, 
the d.c. voltage necessary to spark over a given distance is, on 
the average, double the a.c. voltage. In fact, this very complete 
series of tests seems to indicate that any existing transmission 
line designed for a definite maximum working pressure with 
alternating currents is capable of being used to transmit continu¬ 
ous currents at twice this pressure. It is also interesting to note 
that insulators which become hot when subjected to high a.c. 
voltages remain cool when tested with continuous currents. In 
fact, the leakage losses on the Thury transmissions are small. 
The total leakage loss over about 3,000 insulators on the St. 
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Maurice-Lausanne transmission (a distance of 35 miles), even in 
damp weather, is something of the order of 900 watts. 

It is usual to employ two insulated wires for d.c. high-pressure 
transmission, but under certain conditions it might be quite 
satisfactory to use the earth as the return conductor. The 
arrangement with two wires and the entire electric circuit insu¬ 
lated from earth is usual for pressures up to 25,000 volts. It has 
the advantage over any grounded system that any point on the 
circuit may become grounded without causing a stoppage, and 
repairs can readily be carried out by temporarily grounding two 
more points, one on each side o^’ the fault. The facility and 
safety with which rens^bs on tho high-tmsion system can be 
carried out by grounding the point where the work is being done 
is another advantage of this arrangement. 

If a ground connection is made at both ends of the two-wire 
transmission, the ground wire being so situated as to balance 
the load as well as possible, an arrangement equivalent to the 
ordinary three-wire system is obtained. The pressure between 
wires may then safely be doubled because the potential differences 
between any one wire and earth can never exceed half the maxi¬ 
mum pressure of transmission. On the other hand, some of the 
advantages of the non-grounded system are lost. 

A d.c. transmission to any economic distance by means of a 
single wire, using the earth as the n^turn conductor, is by no 
means an impossible scheme. The ground resistance is practically 
zero, the loss of pressure being almost entirely in the immediate 
neighborhood of the grounding plates. Tests made on the St. 
Maurice-Luasanne line (35 miles) gave a total ground resistance 
of 0.5 ohm. Continuous currents of the order of 100 amp. return¬ 
ing through the earth do not appear to be objectionable in any way. 
By taking the ground connections to a considerable depth below 
the surface, the current density at ground level would everywhere 
be so small that interference with opposing interests would hardly 
be possible.^ 

1 Lausanne, Switzerland, was supplied continuously for more than a year 
from the St. Maurice station through a single conductor, the return being 
through the earth. The current was 150 amp.; iron ground plates were used, 
and it was found that, after the first layer of oxide was formed, oxidization 
was very slow. The total resistance of the ground connections was about 
1.6 ohms, and there was no trouble with neighboring telephone lines. 

In London, J, S. Highfield of the Metropolitan Electric Supply Company 
tried the experiment of putting the return cable of his 90-amp. Thury 
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129. Relative Cost of Conductors: Continuous Current and 
Three-phase Transmissions. —In order to study the relative 
costs of conductor material required for the series d.c. system 
and the more common three-phase a.c. transmission, a basis of 
comparison is necessary, and the following!; assumptions will be 
made : 

1. Same distance of transmission; no tapping of current at 
intermediate points. 



Fig. 125. Fig. 126. 

I'rcjs. 125 and 126.—Comparison of voltaces on dirort-ourrent and threo-phasc^ 

sy.stprns. 


2. Same total amount of power transmitted. 

3. Same power loss in conductors (losses due to leakage and 
capacity of lines are neglected). 

4. Same insulation used on both systems. 

This last condition is practically equivalent to stating that the 
maximum value of the voltage shall be the same. It is proposed 
to consider the following four conditions: 

a. Same maximum pressure above ground; the d.c. voltage 
being \/2 times the a.c. voltage (sine-wave assumed). 


^ Ea 1 
Ratio 

E V2 


transmission in parallel with the ground, and it was found that 30 amp. still 
returned through the cable, with 60 amp. through the ground. Very low 
ground resistance may be obtained by burying the ground plates a consider¬ 
able distance below the surface. 
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where E and Ea stand, respectively, for the continuous and 
alternating voltages to ground (sec Figs. 125 and 126). 

b. Same as (a ); but d.c. voltage double the alternating voltage. 


Ratio 


Ea 

E 


1 

2 


(160) 


c. Same pressure between wires; the allowable d.c. pressure 
being \/2 times the a.c. y)ressuro. 

\/3/-:o 1 V2 


1 , E,. 

2/- V 2 E 


(161) 


d. Same as (e); bu^ \c. pressure doiil'le the a.c. pressure. 

1 . Ea 1 

=- or ratio == / 

2E 2' E ^3 


(162) 


To satisfy the condition of eciual total power, the equation is 
2E X I == SEJa cos e (168) 

and for equal line losses, 

2PR = Sla^Ra (161) 

where I is the current per conductor in the d.c. transmission, 
and R the resistance per mile of single conductor; while and 
Ra are the corresponding quantities for the three-phase 
transmission. 

In either system the total weight (and cost) of the conductors 

, ^ number of conductors , . , . 

IS proportional to . ^ ,-, - which gives the 

resistance of each conductor 

relation, 

Cost of conductors, d.c. system _ 2Ra 
Cost of conductors, three-phase system 3/2 


(165) 


but Ra can be expressed in terms of R thus: 
By formula (164) 

_2PR 

3/„“ 

and by formula (163) 

J _ ZEJa cos B 


( 166 ) 


or 


7 * = 


2E 

QEa^Ia COS* B 

4j&* 
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which, when put for 7* in formula (166), gives 

SEa^ cos^ 6 X R 


Ra = 


2£2 


Thus the equation (165) becomes 

Cost of conductors, d.c. system 


EJ 


cos* d 


( 167 ) 


(165a) 


Cost of conductors, three-phase system 
Assuming the very common value of 0.8 for the power factor 
of the three-phase system, the numerical ratio for the four con¬ 
ditions previously stated would be: 

a. For same maximum pressure to ground, with sine-wave 
assumption, 

D.c. cost _ cos^ 6 
A.c. cost 


= 0.32 


b. Same as (a), but allowable d.c. pressure assumed to be double 

the a.c. pressure, 

D.c. cost cos-^ 

7-- = —-— = 0.16 

A.c. cost 4 

c. For same maximum pressure between wires, with sine- 

wave assumed, 

D.c. cost 2 


A.c. cost 3 


cos^ 6 = 0.426 


d. Same as (c), but allowable d.c. pressure assumed double 
the a.c. pressure, 

D.c. cost 1 „„ A 010 

-^ = cos2 0 ^ 0.213 

A.c. cost S 


The transmission line, apart from the cost of conductors, would 
be cheaper for the d.c. than for the three-phase scheme because 
there are fewer insulators required and only two instead of three 
conductors to string; and if a grounded guard wire is erected 
above the conductors, it is more convenient to arrange this over 
the two d.c. conductors than over the three a.c. wires, and it 
would not necessitate the same total height of tower. The 
important saving is, however, in the conductors themselves. 
Taking the figure most favorable to the d.c. scheme (i>), the a.c. 
conductors to transmit the same power with the same loss would 
cost six and a quarter times as much as if d.c. transmission were 
used, and even under the assumption (c), most favorable to the 
three-phase scheme, the cost would still be 2.35 times the cost 
of the d.c. conductors. For the purpose of getting out preliminary 



TRANSMISSION BY CONTINUOUS CURRENTS 363 

estimates, it is certainly safe to assume that, if the power 
factor of the three-phase load may be taken as 0.8, the cost of 
conductors on a long-distance d.c. transmission would be only 
one-quarter of the cost of conductors wdth the a.c, scheme on the 
assumption of equal IMi losses. 

If a ground return were used on a straight long-distance trans¬ 
mission—a perfectly feasible arrangement—the cost of copper 
for the same total I'^R loss would be only one quarter of the cost 
of a two-wire transmission, since the loss in the ground return 
would be negligible. The cost of copper would then be only 
about one-sixteenth of the fost of copper on the equivalent 
three-phase transmission, a point wiiich suggests that the Thury 
system is worthy of more serious etmsideration than it has so far 
received outside of Europe. It is not suggested that comparison 
on the basis of equal line losses is necessarily correct or justifiable 
on economic grounds; but this does not render the above com¬ 
parisons less interesting. 

130. Concluding Remarks on the D.C. Series System. —As 

an indication of what has been done in Europe since the intro¬ 
duction of the Thury system more than a quarter of a century 
ago, it may be stated that there are at present about 16 separate 
transmissions in operation, in Switzerland, Italy, France, Hungary, 
Spain, Russia, and England. The shortest length of loop is 12.4 
miles (Batoum, Russia), with a line pressure of 2,f)()0 volts. The 
longest is 248 miles (124 miles straight transmission), this being 
the Moutiers-Lyons line at a maximum pressure of 100,000 volts, 
the current being 150 amp. 

In England, the d.c. series system has been adopted by the 
Metropolitan Electric Supply Company of London on its Western 
section. The plant has been in operation since March, 191], 
and given entire satisfaction. The current is about 100 amp. 
but can be varied from 70 to 120 amp. without causing trouble 
through sparking on the commutators. The commutators 
measure 5 ft. in diameter and in. in length. They have 
1,439 segments and run sparklessly at 5,000 volts between brushes. 
The machines have six poles and only two sets of brushes. 

An interesting account of the Thury system, by William Baum, 
with brief descriptions of the important European plants, will 
be found on page 1026 of the General Electric Rmdew of November, 
1915.1 

^ See also article by Dr. Louis Bell in Elec. Worldy p. 361, Feb. 14, 1914. 
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As an example of what might be done at the present time in 
the way of d.c. transmission on a large scale, it is clear that no 
difficulty need be experienced in building dynamos of a large size 
with 5,000 volts on one commutator. Assuming a current of 
300 amp,, which would probably be transmitted by two conduc¬ 
tors connected in parallel, the output of each machine would be 
1,5(X) kw. and two of these might be coupled to one prime mover. 
With two commutators per machine, the output would be 
3,000 kw., and with four commutators, (>,000 kw. per unit. Six 
machines in series, each with four commutators, would have a 
total output of 30,000 kw. at 120,000 volts. There would be 
practically no new oi- experimental engineering work in connec¬ 
tion with such a scheme. 

Electrical engineers on the American continent are rather 
inclined to the belief that when energy has to be transmitted 
from one place to anothei', the om^ and only course open to them 
is to adopt the three-phase a.c. system. It is not suggested that 
at the present time this may not, in the majority of cases, be the 
best system available; but undoubtedly there are conditions 
under which the continuous-current series system would prov(‘> 
more economical and j*elia]>le. Of course, first cost of plant and 
operating charges have to be taken into a(;count when comparing 
different systems, and the most satisfactory way of doing this 
is to reduce all estimated costs to the common basis of annual 
charges. The cost of the d.c. generators must be set against the 
combined cost of alternators and exciters and step-up transformers 
with all intermediate switchgear. 

In this connection the writer cannot refrain from quoting a 
paragraph which appeared in one of the leading articles in the 
Electrical World of New York, in which reference is made to the 
fact that transmission by continuous currents has received con¬ 
siderable attention in Europe. 

Any engineer who wanders through one of the large Thury stations 
and then calls to mind the usual long concrete catacombs bristling with 
high-tension insulators and filled with dozens of oil switches, scores of 
disconnecting switches, webbed with hundreds of feet of high-tension 
leads, and spattered with automatic cutouts, will stop and think a bit 
before he complacently sniffs at high-tension d.c. transmission. 

In regard to reliability it is true that, on the Thury system, the 
generators have not the protection against lightning disturbances 
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which the step-up transformers afford to the alternators on high- 
tension three-phase systems, and where thunderstorms are 
prevalent, this must not be overlooked, as the cost of protective 
apparatus may prove excessive. In»this connection it is intenist- 
ing to note that the charges of electricity in the upper atmosphere 
are always positive, and the negative? wire will, therefore, tend to 
draw a lightning discharge awaj^frorn tlie positive wire or grounded 
guard wire, but to how great an extent this would affect the 
proper disposition of the wires it is difficult to sa 3 ^ 

The following is a brief summary of the important points in 
favor of, and unfavorable to, the employment of continuous 
currents on tfie series system for the purpose of transmitting 
energy at comparatively iiigh voltages from one place to another. 


Advantages of the D.C. Series System ' 

1. The power factor is unity—a fact wdiich alone accounts for 
considerable reduction of transmission losses. 

2. Higher pressures can be used than with alternating current, 
the conditions, as shown by actual tests, being more favorable to 
(l.c. transmission than is generally^ supposed. Witlrout any 
alteration to insulation or spacing of wures, approximately double 
the working pressure can be used if direct current is substituted v 
for alternating current. Moreover, the insulation is subjected 
to the maximum pressure only at times of full load, whereas on 
the parallel system the insulation is subject to the full electrical 
stress at all times. 

3. There is no loss of energy through “dielectric hysteresis 
in the body of insulating materials. 

4. The necessity for two wires only, in place of three, effects a 
saving in the number of insulators required and allows cheaper 
line construction. 

5. Where it is necessary to transmit power by underground 
cables, continuous currents have great advantages over alternating 
currents. Single-core cables can be made to work with con¬ 
tinuous currents at 100,000 volts. By using two such cables and 
grounding the middle point of the system, it is, therefore, quite 
feasible to transmit underground at 200,000 volts. 

6. The practicable distance of transmission, especially when 

the whole or a part is underground, is greater than with alternat-- 
ing currents. \ 



head d.c. lines, and the ease with which highly inductive choke 
coils can be introduced on^ a d.c. system, withoi^t opposing any 
obstacle (except ohrnic resistance) to the p^a^sage of the line 
current, tends toward the attainment of iricrejised safety. 

The use of underground cables, which are particularly suitable 
for d.c. transmission, would dispose of the possibility of interrup¬ 
tion from lightning; or a comparatively short length of under¬ 
ground cable in the neighborhood of the generating stations and 
substations would probably afford satisfactory protection. With 
very high voltages, requiring line insulators capable of with¬ 
standing pressures of the order of 300,000 or 400,000 volts without 
arc-over, disturbances due to lightning would probably be as 
rare as they are on existing 220,000-volt a.c. transmission lines. 

131. Commutation of High-pressure Alternating Currents. 
The Transverter.—In order to transform alternating currents 
into continuous currents, it is not necessary to use a motor-genera¬ 
tor set or a rotary converter, because a commutator, driven at 
synchronous speed by a small synchronous motor, may be used 
to effect the transformation. If desired, the commutator may 
be stationary in which case the brushes would have to revolve; but 
a device of this nature always involves the rotation at synchro¬ 
nous speed of either brushes or commutator. The idea is not new; 
machines which operated on this principle were proposed many 
years ago by Hutin and Leblanc, Arnold and La Cour, and others. 
Difficulties in obtaining satisfactory commutation led to the 
abandonment of this type of machine. 

In 1924, a machine named the Transverter was exhibited at 
the British Empire Exposition at Wembly (London). This was 
rated at 2,000 kw. to deliver 20 amp. at 100,000 volts direct 
current. It appears to be a development of the Arnold and La 
Cour synchronous converter, the most noticeable difference being 
the construction by which a number of commutators are connected 
in series. Although no new principle appears to be involved, 
the inventors, W. E. Highfield and J. E. Calverly, and the 
manufacturers, The English Electric Company, Ltd., are to be 
congratulated upon the production of a well-designed practical 
machine which appears to operate satisfactorily. The test of 
time and the performance of larger machines are necessary to 
determine whether or not the device will prove efficient and 
economical for the transmission of energy over long distances; 
but commutation troubles-—especially with revolving brushes— 
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may prove insurmountable, and the high cost of the machine, 
due partly to the large number of connections between trans¬ 
former coils and commutator segments, may be an obstacle to 
its adoption. 

From what has been said, it is obvious that the transverter is 
reversible; the unit at the sending end of the d.c. transmission 
line would transform the alternating current into continuous 
current on the high-tension side of the step-up transformers, while 
the machine at the receiving end would convert the continuous 
current back into alternating current- Tiic transmission would 
be by constant-pressure continaous current instead of constant- 
current continuous current as in the 'Phury system. 

The machine at Wembly was provided with 10 commutators 
connected in series, each commutator being connected to a 
3(i-phasc system by nieanvS of tappings to the higli-tcnsion wind¬ 
ings of transformers. 

A complete illustrated description of the Transverter will be 
found in Etiglnerriag (London) May 2, 1924. Refer also to the 
Electrician (pp. 5(37, 573;, May 9, 1924. 

132. Looking Ahead. Future Possibilities of D.C. Trans¬ 
mission.—Although the Thury system of constant-current trans¬ 
mission appears to give satisfaction where it is in use, the fact 
that it is not more generally adoptee! seems to indicate that 
transmission of energy on a large scale by continuous currents 
must be looked for along other lines. The advantages of d.c. 
transmission being fairly obvious and generally recognized, it 
is safe to predict that, within 10, 20, or 30 years, long-distance 
transniission by high-voltage continuous currents will be an 
established fact, and this notwithstanding the enormous and 
rapidly increasing capital investment in three-phase high-tension 
transmission lines and the so-called superpower networks. 

At the close of 1919, Dr. Dolivo-Dobrowolski, the great pioneer 
in the three-phase a.c. field, championed d.c. high-tension trans¬ 
mission as the system of the future. At the present day many 
scientists and engineers are working on the problem which, 
when solved, will make it possible to transmit with a given weight 
(and cost) of copper about three times the kilowatts that can 
safely be transmitted by means of alternating currents. 

It is probable that the final solution will not involve the use of 
dynamo-electric machines provided with conoimutators, or of 
devices including mechanically driven commutators, but very 
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rapid progress has been made of late years in the development of 
the mercury arc rectifier which, at the present day, is suitable for 
d.c. railway operation at 4,000 volts. 

Some authorities think that hot-cathode tubes are not likely to 
be the solution of d.c. long-distance transmission,^ but the work 
done by Dr. Hall of the General Electric Company suggests great 
possibilities for the high-voltage kenotrons. The solution sug¬ 
gested by D, C. Prince^ involves the use of inverted electronic 
rectifiers or pilotrons, the d.c. current of the transmission line 
being re-converted into three-phase alternating current by inverted 
kenotrons, a synchronous motor being used to obtain the desired 
frequency and also to provide the wattlessor reactive com¬ 
ponent of the power. 

Continuous currents are of great advantage in the transmission 
of energy by underground or submarine cables, and the following 
chapter will deal briefly with the problems of underground electric 
power transmission. 

^ OssANNA, J., Elektroiech. Zeit^ pp. 1061-1063, Aug., 17, 1922. 

2 6ren. Elec. Rev., vol. 28, p. 676, 1925. 
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TRANSMISSION OF ENERGY BY UNDERGROUND 

CABLES 

133. Introductory .—The principal use of underground electric 
cables is in connection with distributing systems in cities, at 
comparatively low pressures: but they are also used, to a limited 
extent, for the transmission of energy at fairly high voltages. 
In this chapter, underground cables will be considered chiefly 
in relation to straight long-distance transmission of energy, and 
what follows will, therefore, treat mainly of power cables for the 
transmission of energy at high voltages. No attempt will be 
made to deal with the historical aspect of the subject, or with the 
practical considerations connected with the handling, laying, and 
jointing of underground cables; neither will space permit even of 
the briefest treatment of subjects such as manufacturers’ tests 
and the location of faults in cables, including protective devices 
designed to isolate or cut out faulty sections of a transmission 
system; but the construction engineer or student desiring more 
information than can be contained in a single chapter is referred 
to the many excellent publications on the manufacture and use of 
high-voltage cables.^ 

Notwithstanding the higher cost of underground transmission, 
it replaces overhead transmission, for comparatively short 
distances, in many cases where the latter system is not suitable. 
High-tension underground cables are used in populous districts 
where overhead construction is not permissible or advisable. 
The underground cable is not subject to damage by wind, ice, 
or'thunderstorms, and the danger to life is obviously reduced by 
placing the high-voltage conductors underground. The unsightly 
appearance of poles and overhead conductors in the neighborhood 
of cities is another reason for putting wires underground, not- 

^ Beaver, C. J., ^Tnsulated Electric Cables,” Ernest Benn, Ltd., London; 
Del Mar, W. A. ^‘Electric Cables,” McGraw-Hill Book Company, Inc.; 
Meyer, E. B., Underground Transmission and Distribution,” McGraw- 
Eflll Book.Company, Inc. 
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withstanding the increase of cost. This consideration has more 
weight in Europe than in America and partly accounts for the 
fact that Europe is, and always has been, somewhat in advance of 
America in the design and manufacture of underground electric 
cables. The shorter distance of transmission, resulting in lower 
economical pressures on the Old World systems, is another reason 
why underground power cables are more extensively used in 
Europe than on the American continent. The writer has, there¬ 
fore, no hesitation in using data and other information referring 
mainly to modern British practice, especially since he has been 
able to secure the collaboration of C. J. Beaver, chief engineer to 
W. T. Glover and Company of Manchester, England, who has 
kindly furnished much useful advice and material for this chapter. 

Even when it is inadvisable to transmit by underground cable 
the whole distance of transmission, sections of the line passing 
through populous districts may be put underground, while over¬ 
head conductors are used in the open country. Also, as men¬ 
tioned in the preceding chapter, a short length of underground 
cable is desirable as a protection against high-pressure surges, 
at each end of a long overhead transmission line, provided the 
voltage is not so high as to render the cost prohibitive. 

Another use for insulated cables is as feeders on electric railway 
systems. In the trunk-line electrification of the New York 
Central Railroad, there are no less than 1,500,000 duct-ft. of 
conduit for insulated feeder cable. Some of these ducts are of 
tile, but iron pipe is also used. 

The Thury system of transmission by continuous currents, 
which was explained in Chap. XII, lends itself to the extensive 
use of underground cables. Smaller and cheaper cables may be 
used for the same voltage and energy transmitted on a d.c. than 
on an a.c. transmission. J. S. Highfield has shown^ that if the 
overall diameter of a 100,000-volt single-core lead-covered cable 
for alternating currents is 3.27 in., the equivalent cable for 
100,000-volt continuous current would have an outside diameter 
of only 1.75 in. It is true that the comparison is between the 
r.m.s. values and not the maximum values of the voltage; but 
it serves to show that a considerable reduction of size and, there¬ 
fore, of cost is effected when cables are used on d.c. instead of a.c. 
systems. 

^ Discussion of C. J. Beaver^s paper on Cables,'^ Jour. Inst. Elec. Eng.y 
vol, 53, Dec. 15, 1914 and Mar. 1, 1915. 
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During the last few years very rapid progress has been made in 
the improvement of high-voltage insulated power cables. Con¬ 
siderable advance has been made in raising the voltage limitations 
of commercial cables, but still greater headway has been made in 
the reduction of dielectric losses. 

134, Submarine Power Cables—When transmitting electric 
energy across water which cannot be spanned by overhead 
conductors, the insulated cable becomes a necessity. Two 
examples of submarine power transmission occur in San Fran¬ 
cisco, where a three-phase 12,(KX)-volt cable 33 2 miles long has 
been laid ac?'oss the bay. and two ll,00()-volt cables have been 
laid across the Goldeii V;rate The carrying out of the latter 
project is described iu the Electrical World (Vol. 67, p. 532), Mar. 
4, 1916. The grefdest depth of water at this point is 210 ft. The 
cables arc threescore, c:\ch 13,500 ft. long, the cores being insu¬ 
lated wnth rubber (inside) and varnished cambric (outside). 
Impregnated jute is used as a filler. The lead sheath is 5^2 m* 
thick, and the armoring consists of 42 No. 4 B.w.g. galvanized- 
steel wires. The deep-water portion of the cable has cores of 
250,000 circular mils section, with an outside diameter of 4 in., 
and a weight of 19 lb. per foot. At the shore ends, the cores are 
of 350,000 circular mils section, with an overall diameter of 4} 2 in. 
and a weight per foot of 22 lb. More recently, the Great Western 
Power Company has laid an 8-mile length of 11,000-volt three- 
phase cable under San Francisco Bay, a description of which 
will be found in the Electrical World of b'eb. 17, 1923. The same 
power company has also laid two three-conductor 44,000-volt 
submarine cables across the Napa River at Napa, Calif. These 
cables have been in operation since August, 1925. 

A three-phase cable for 26,000 volts, was laid about 17 years 
ago by the Shawinigan Water and Power Company at Three 
Rivers, Quebec. In the more recent installation at St. Louis 
(Union Electric Light and Power Company) a number of three- 
conductor submarine cables are in successful operation at 35,000 
volts. 

A number of islands off the Norwegian coast are connected by 
22,000-volt submarine cables which supply power to the islands 
from the generating station at Aalesund, the distance between 
islands varying from 1,600 to 10,000 ft. The radial thickness of 
the paper insulation is about 3^^ in., and the lead covering is 
%2 iti. thick. 
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In Germany there is the Stralsund channel project transmitting 
three-phase power at 15,000 volts from the generating station 
at Stralsund to the island of Riigen, the total length of submarine 
cable being 5,600 ft. Another example occurs in the straits 
between the mainland and the island of Fehmern, where two 
3,300-ft. lengths of lead-covered, iron-wire-armored, paper- 
insulated 11,000-volt cables are laid under water. 

A submarine power transmission of considerable interest is 
the international cable between Sweden and Denmark, which 
was put into operation in December, 1915. It is 3.4 miles long 
and connects a point near Palsjo in Sweden with Marienlyst 
in Denmark. The cable is three-core with impregnated paper 
insulation suitable for a working pressure of 35,000 volts (test 
pressure 87,500 volts). The cross-section of each core is 0.108 
sq. in. and steel wire armoring is applied over the lead sheath. 
The greatest depth of the Oresund at the point traversed by the 
cable does not exceed 125 ft. The cable was laid in nine lengths 
of about 2,000 ft. A new cable was laid in 1922 for a working 
pressure of 50,000 volts. 

What is probably the longest submarine power cable in the 
world was laid a few years ago and transmits power at 11,000 
volts three-phase from Niihama to Shisakajirna, Shikaku, Japan. 
A description of this cable will be found in the Electrical World of 
Mar. 31, 1923, 

126. Voltage Limitations of Underground Power Cables.— 

Transmission and distribution by underground cables with 
three-phase alternating current at 30,000 and 35,000 volts is not 
uncommon. Single-conductor cables for 44,000 volts have been, 
for many years, in operation in America. A still higher pressure, 
namely 66,000 volts, is used to transmit power in a subway across 
the city of Cleveland; there are two three-phase circuits each 
capable of transmitting about 30,000 kw. a distance of miles. 
In Italy, cables were built for working pressures up to 80,000 
volts 5 or 6 years ago. 

The Philadelphia Electric Company has installed single- 
conductor cable on two underground lines rated at 75,000 volts, 
three-phase. Each line is about 20,000 ft. long, the conductors 
being 750,000 circular mils and insulated with ^%2 of 
impregnated paper. 

Recent advances in the design and manufacture of high-voltage 
power cables, by permitting higher temperatures of the dielectric 
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with comparatively small dielectric loss, have raised the permis¬ 
sible voltage gradient in the insulation,^ and in connection with the 
design of cables for very much higher pressures than those now 
in use, maximum voltage gradients (under normal operating 
conditions) of 50,000 and even 52,000 volts per centimeter are 
being considered. For reasons explained in Chap. VIII (see 
formula ( 86 ), p. 204), a large diameter of conductor is desirable, 
and constructions involving hollow-core conductors are being 
tried. With a permissible voltage gradient of 50,000 volts per 
centimeter, single-core cables to carry 500 or 600 amp. at about 
90,000 volts could probably be constructed with an external 
diameter not exceeding 4 in. 

An interesting modern development is the proposal to transmit 
underground at 132,000 volts in Chicago. The scheme is by no 
means impossible, and experimental lengths of 130,000-volt 
power cables were in operation in Europe in 1924. ^ 

While discussing the possibilities of constructing insulated 
cables for extra-high voltages, the advantages of d.c. transmission 
may be again referred to. With a dielectric thickness not exceed¬ 
ing H in., single-core cables can transmit continuous currents at 
100,000 volts, and such cables are in operation in Europe. Some 
interesting information regarding the dielectric strength of various 
insulating materials when subjected to continuous and alternat¬ 
ing voltages is given in the General Electric Review (p. 645), 
September, 1923. Some tests made abroad on cables give an 

- - - XI X* d.c. pressure 

average of 2.5 for the ratio 7 - 1 --- 

® (r.m.s.) a.c. pressure 

disruptive effect. When kenotron tests are made on cables, 

it is customary to use a d.c. test pressure equal to 2.4 times the 

specified a.c. test pressure. 

136. Types and Construction of Power Cables. —For the trans¬ 
mission of three-phase alternating current, three-core cables will 
probably be economical for pressures up to about 66,000 volts. 
When the pressure exceeds this figure, a separate single-core 
cable should preferably be used for each phase. These separate 
cables of an extra-high-tension three-phase transmission should be 
symmetrically arranged with a small amount of insulation between 
the lead sije^th and, ground. Steel-armored single-core cables 


for the same 


1 Refer to Arts. 72 and 73 of Chap. VIII. 

^ Refer to article by Philip Torchio in the Elec. Worlds Mar. 21, 1925, 
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are usually inaclinissible for alternating currents because of the 
inductive effects. 

The lead sheathing referred to is a necessity because impreg¬ 
nated paper is practically the only material at present available 
for the insulation of extra-high-tension underground cables. It 



Fig. 127.—Three-core load-covered cable. 



Conductor.—Inner lead tube—bore 0.27 in. 

Copper wires 10/15 S.Vv'.C.. . 

Outer load tube. 

Dielectric.—First paper layer... 

Lead luter-sheath. 

Second paper layer. 

Outer sheath,—Lead covering.. 

Complete diameter. 


Radial thickness. Radius. 


.0.060 in. 
.0.072 “ 
.0.050 “ 
.0.546 “ 
.0.050 “ 
.0.505 “ 
.0,160 '' 


0.19,5 in, 
0.267 “ 
0.317 “ 
0.862 “ 
0.912 *• 
1.477 “ 
1.637 “ 


3.27 in. 


Fig. 128.—Section through single-phase 173 kv. paper-insulated cable, with lead 

“ in tor-sheath.” 


is somewhat hygroscopic in character, and the protection of the 
lead covering is, therefore, provided. Figure 127 shows a section 
through a three-core paper-insulated underground cable, while 
Fig. 128 shows one of three separate cables designed for a working 
pressure of 173,000 volts between phases. ^ This cable is provided 

^From C. J. Beaver’s paper on ‘‘Cables” in the Jour. Inst. Elec. Eng., 
vol 53, Dec. 15, 1914. 
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with a so-called ^^ntersheath’’ of lead, the purpose of which is to 
improve the design by reducing the potential gradient at the sur¬ 
face of the conductor. The theory of this method will be discussed 
later. 

The ‘^clover leaf’’ or sector type of three-core cable is illus¬ 
trated in Fig. 129. This design permits of a smaller overall 
diameter for a given voltage and so leads to a saving in cost; 
but it is rarely used for pressures exceeding 30,000 volts. The 
sector shape of cross-section is obtained by specially stranding 
wires of suitably varied diam^^ters, or by rolling or hammering 
a circular strand to the desired shape. This construction was 



Fio. 129.—Three-core cable with shaped cores. 


introduced in Europe many years before it was adopted in 
America; but British practice does not favor the use of sector- 
shaped cores in three-phase cables for working pressures exceeding 
11,000 or 12,000 volts. 

Concentric cables are used for single-phase transmissions and 
are, therefore, practically confined to railway work. Figure 130 
is a section through such a cable, the return conductor being in 
the form of a layer of segmental strips laid over the insulation sur¬ 
rounding the inner core. When this outer conductor is grounded 
—as it usually is—the arrangement is very satisfactory and 
efficient. Concentric cables are simple to construct, and even 
when used with alternating currents, they can be armored and, 
therefore, buried directly in the ground, thus facilitating the dis¬ 
sipation of heat which is easily carried from the outer conductor 
to the lead sheath and armor. 
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There are two methods of manufacturing paper-insulated cables. 
In both methods a roll of paper is cut into narrow ribbons which 
are lapped on the copper conductor in successive layers until the 
required thickness is attained. In one method the paper is put 
on dry and the whole cable is immersed in the insulating oil. 
In the other, the impregnation is effected by passing the paper, 
before it is cut into ribbons, through a bath of the insulating oil. 
This last method, which was evolved and has been usfed for the 
last quarter of a century by W. T. Glover and Company of 
Manchester, England, appears to have the advantage of more 
certain and thorough impregnation of the insulation. One 



Fig. 130.—Section through concentric cable for single-phase transmission. 


objection to insulating the conductors with paper which has been 
previously impregnated is that small air pockets are likely to occur 
between the lappings of the paper strip. By means of recently 
developed machinery, the strip of perfectly prepared impregnated 
paper is now applied under the surface of molten compound, thus 
insuring the total exclusion of air between layers. 

With paper insulation the lead sheath must be very carefully 
applied to insure the absence of flaws and pinholesthrough 
which moisture might be admitted. The lead sheathing is 
applied by passing the insulated cable through dies in a hydraulic 
press which forces hot lead in a semifluid condition around the 
slowly moving cable, thus forming a closely fitting lead cylinder 
on the outside of the insulation. It is the practice of one English 
factory to apply a hydraulic test to the finished cables in order 
to detect the presence of imperfections in the lead covering, 
by forcing water into the dielectric so that its presence may be 
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detected before the cable leaves the factory. It is partly in order 
to facilitate such testing that the same firm employs a metallic 
test sheath^ enclosed in the cable, and lightly insulated from the 
lead covering. This lead sheath is also useful for maintenance 
tests, fault localization, the detection of incipient faults on 
live cables, and for use in connection with special protective 
devices.^ 

Insulating Materials Other Than Impregnated Paper, —The rea¬ 
son why reference has not previously beer madeJ:.o vulcanized 
rubber and vulcanized bltum^.ll as materials for cable insulation 
is not that thet,e are not in gene/al use, but because they are 
not so suitable as p;:^pcr for extra-high-tension power cables. 
Vulcanized bitunK^n as an insulator appears to have met with 
greater success in Europe' than in America. It is a substance of 
which the physical properties are somewhat similar to those of 
vulcanized rubber. C ables insulated with vulcanized bitumen 
(without lead sheathing) have a special field of utility in mining 
work, where they are used not only as feeders to carry the electric 
energy down the shaft, but also as distributors under ground. 

A type of insulation which is largely used in America is var¬ 
nished cambric, or varnished cloth. The prepared cloth is 
applied to the conductor in the form of tape, a thin layer of a 
non-hardening.viscous filler being applied between the layers to 
insure flexibility by permitting relative movement of the layers. 
Since it is customary to provide a lea<l sheath over power cables 
insulated with varnished cambric, there is no economic advantage 
in using this material as a substitute for paper. 

137. Methods of Laying Underground Cables. —The present- 
day methods of laying underground cables may be classified 
under the headings: 

1 . Laid direct in the ground (armored cables). 

2 . Drawn into weldless steel tubes, stoneware or tile ducts, or 
fiber ducts in concrete. 

The first-mentioned system is usually adopted for cross-country 
runs; the second, in congested areas where streets cannot be 
disturbed and where facilities for adding to the number of cables 
are desired. 

1 British patent 22355/12, Beaver and Claremont. 

2 British patent 13681^7 Beaver, Richards, and Claremont. Particulars 
of the test sheath cable and its potentialities will be found in The Elec¬ 
trician (London), July 5, 1918, 
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When power cables are laid direct in the ground, they are 
protected with only a lead sheath and steel-tape armoring. 
A cushion of tarred jute is placed over the lead sheath and over 
this is wound a layer of steel tape, about in. thick, in an open 
spiral, leaving approximately in. clearance between the con¬ 
volutions. A second layer of steel tape is wound over the first so 
as to cover the unprotected spaces. Finally a heavy covering of 
tarred jute is wound over the armoring." It is customary to 
place a wooden board over the cable to act as a warning to work¬ 
men and so protect the cable in the event of the ground surface 
being disturbed after the cable has been laid. 

The drawing-in system is the one most commonly adopted at 
the present time. The ducts for the cables may be tile or fiber 
set in concrete, or they may consist of wrought-iron pipes. 

Tile or stoneware conduits can be supplied as single-way or 
multiple-way ducts. The opening is usually 31 2 in. square when 
used for distributing purposes in or near cities. The inside 
corners are well rounded, and the outside dimensions are approxi¬ 


mately as follows: 

Single-way duct. 5 by 5 by IS in. long 

Two-way duct. 5 by 9 by 24 in. long 

Three-way duct. 5 by 13 by 24 in. long 

Four-way duct. 9 by 9 by 36 in. long 

Six-way duct. 9 by 13 by 36 in. long 


These ducts are set in concrete forming a wall about 3 in. thick 
on all four sides. 

Fiber conduits are light in weight and easy to handle. They 
are cylindrical pipes made of wood pulp saturated with an asphalt 
or bituminous compound containing a small amount of creosote, 
and are usually supplied in 5-ft. lengths. 

Iron pipes are useful when slight bends to clear obstructions 
are of frequent occurrence. These can be supplied in 20-ft. 
lengths with threaded ends and couplings. 

In all cases, the internal width of the duct should allow not less 
than J^^-in. clearance for the largest cable to be drawn into it. 

Manholes must be provided at intervals of 300 to 500 ft., 
the latter distance being rarely exceeded, as it represents the 
practical length of cable of large size which can be drawn into an 
underground duct without injury. The manholes, if required 
merely for drawing-in purposes and for joints (apart from the 
installation of transformers or other apparatus), should measure 
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about 7 by G by 6 ft. high. If the construction permits of an 
arched roof, the walls might be about 5 ft. high with a total head- 
loom at center of about 7 ft. The floor should be above the 
sewer level, and proper arrangements provided for drainage and 
ventilation. If transformers are placed in manholes, a space 
of about 4.5 cu. ft. per kilovolt-ampere should be provided. 

138. Cable Terminals. Junction with Overhead Lines. .The 

connection between overhead wires and underground cables must 



Fio. 131.—Junction between underground and overhead conductors. 

be made with great care to avoid trouble at this point. The 
ends to be attained and the precautions to be taken are fairly 
obvious, and the engineering difficulties may readily be overcome. 
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Each particular case should be considered as a special problem, 
and the proper steps taken to provide adequate insulation and 
prevent deterioration or damage by water owing to improperly 
sealed joints. 

Figure 131 shows the terminal pole of an overhead line and the 
methods employed for the protection of the cable. It is repro¬ 
duced by kind permission of E. B. Meyer and his publishers 



Fig. 132.—Detail of cable ends at junction with overhead line. 

from “Underground Transmission and Distribution.” The 
design of the actual terminals or “potheads,” as they are some¬ 
times named, varies considerably. One form—suitable for a 
working pressure of 11,000 volts, three phase—is shown in Fig. 
132 which has been reproduced from a drawing kindly supplied 
by W. T. Glover and Company, Ltd., Manchester, England. 

The pothead assembly illustrated by Fig. 133 is reproduced by 
peimisraon from an article by G. H. Hagar iu the Electrical World 
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of Feb. 27, 1926. It shows the design adopted for the terminals 
of the 44,000-volts submarine cables across the Napa River, Calif., 
referred to in Art. 134. 



FivJ. 133.— Pothead asiHombly for 44,0()0-volt submarine cable. 


139. Design of Cables.—The theory of the potential gradient 
at the surface of a wire of radius r surrounded by a concentric 
metallic cylinder of internal radius R has already been discussed 
in Art. 73, Chap, VIII, in connection with insulating bushings. 
With a dielectric of constant specific inductive capacity through¬ 
out the total thickness, the maximum potential gradient, which 
occurs at the surface of the inner conductor, is given by formula 
( 86 ): 

E 

G = -P volts per centimeter (86) 

log. 7 

where E stands for the potential difference between the conductor 
and the outside metallic sheath, in volts, and the dimensions are 
expressed in centimeters. This formula is, therefore, applicable 
to single-core cables with lead sheath, and to the concentric type 
of two-conductor cables. 

The breakdown gradient of paper-insulated cables is about 
200 kv. (r.m.s. alternating) per centimeter, but the maximum 
voltage gradient (at the surface of the conductor) which will 
break down the insulation depends upon the diameter of the 
conductor. The formula suggested by Peek for the gradient at 
the surface of the conductor which will cause breakdown of insula- 
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tion on a single-conductor cable insulated with impregnated paper 
is 

1 + ) kv. per centimeter (168) 

Vr/ 

where ?• is the radius of the conductor in centimeters. It is not 
advisable to submit the finished cable to test pressures which will 
cause the potential gradient at the surface of the conductor to 
exceed 150 kv. per centimeter/ and since the tost pressure may 
be as high as 21 2 times the working pressure, the maximum work¬ 
ing stress will be of the order of 50 kv. per centimeter. It is 
quite possible to design practical paper-insulated cables for work¬ 
ing stresses of 60 to 80 kv. per cm.; but owing to the fact that 
dielectric heating is likely to be excessive with these high gradients, 
about 50 kv, per cm. is a leasonable maximum at the present¬ 
time. All the voltages here referred to are r.in.s. values, and not 
peak values. 

The probable breakdown gradient and, therefore, the safe 
working pressure of a high-voltage insulated cable in service will 
depend upon many factors besides the test pressure it is able to 
withstand at the manufacturers^ works. The time during which 
the insulation is subjected to electric stress has a great deal to do 
with the breakdown voltage, and the temperature of the insula¬ 
tion, whether determined by losses in the copper or in the dielec¬ 
tric, or an external source of heat, wWl also have a very appreciable 
effect upon the ability of cables to withstand high voltages. 
Other factors, including the normal frequency and the frequency 
of transient waves or surges, also the amount of bending which 
the cable has been subjected to before and during laying, will 
have an effect upon the voltage which will cause breakdown of the 
insulation. It follows that the mere application of a formula 
with constants based on the average of tests made under particu¬ 
lar conditions will not insure reliability under service conditions. 
Notwithstanding the great advances that have recently been made, 
there is still much to be learned before the satisfactory perform¬ 
ance of extra-high-tension cables under the usual operating 
conditions can be guaranteed. 

A summarized record of our present knowledge regarding the 
performance of insulation under electrical stress has been published 

^ Test pressures of 200 kv. per centimeter and even higher are used by some 
cable makers in Europe. 
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by the Subcommittee on Wires and Cables of the A.I.E.E. 
Standards Committee,^ and if the reader will refer to this, he 
will understand that it is not possible, in a single chapter, to 
do justice to so large and important a subject as the insulation 
of electric conductors for the underground transmission of power. 

The capacity of a single-core cable per centimeter of length is 
the reciprocal of the elastance as given by formula (84), whence 

Capacity per centimeter = farads (169) 

log, 

^ r 

where k is the relati\e inductive capacity or dielectric constant 
of the insulating mat/vrial, the \aiue of A: for air being unity. 
The numerical value of X, as given in Art. 72, Chap. VIII, 
is 8.84 X 1()~^^, and since there are 161,000 cm. in a mile, the 
capacity per mile of single-core cable, in microfarads, is 


C. 


161,000 X 27r X 8.84 X 10« X A: 


10'' X log. ( 


A: 


= 0.0895 -- 


'“Ct) 


= 0.0388 


( 1 ) 


(170) 


Approximate values of k which apply to materials used for 
cable insulation are: 

' k = 3.3 for impregnated paper. 
k = 4.2 for varnished cambric. 
k == 4.5 for vulcanized bitumen, 
fc = 3 to 6 for vulcanized india rubber. 


The permittivity, or relative specific inductive capacity {k) 
will depend somewhat upon the temperature of the dielectric, 
the effect of the higher temperatures in increasing the value of 
k being greatest for varnished-cambric insulation. The above 
values are averages for normal working temperatures. 

The formula for the insulation resistance of a single-core 
cable is obtained as follows: 

1 This summary, brought up to date (1924), is given in the Appendix VIII 
of Del Mak^s ^^Electric Cables.^^ 
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I^et p stand for the resistivity, or specific resistance, of the 
dielectric, in megohms. It is the electrical resistance of 1 centi¬ 
meter cube of the cable insulation. Considering the insulation 
resistance of a length of cable I cm. long to be the sum of the 
resistances of successive concentric layers of insulation, 


dRi 



where dx is the length, and (2irxl) the area, of a cylindrical 
element of radius x and length Z, whence 





Let Ri stand for the insulation resistance, in megohms, of 1 
mile of cable; then I = 161,000 cm.; and by converting the natural 
into common logarithms, 

Ri (of 1 mile) = 2.28 X lO”"® X p logio megohms (172) 

Some average values of p are: 

For impregnated paper, p = 8 X 10® 

For varnished cambric, p = 3 X 10® to 5 X 10® 

For vulcanized bitumen, p = 2.4 X 10® 

f 4.8 X 10® 

For vulcanized india rubber, p = | to 

1 1.2 X lO^o 

Temperature has a marked effect on the specific resistance of 
cable insulation, which decreases rapidly with increasing tempera¬ 
tures. This effect is particularly noticeable with paper insula¬ 
tion. Vulcanized india nibber is the material with the best 
temperature characteristics. 

The reactance of a single-conductor cable without steel armor¬ 
ing would be calculated as for bare wires (refer to Art. 82, Chap. 
IX) and will depend upon the position of the return conductor. 
Single cables carrying alternating currents should not be armored 
or drawn into iron pipes. 

The formulas for use with three-core cables are not so easily 
developed as those for single-core cables, and they are largely 
empirical, especially when the shape of the cores departs from .the 
true circular section. Tables giving the approximate inductance 
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and capacity of three-core cables may be found in the electrical 
engineering handbooks and in makers' catalogues.^ 

The reactive voltage drop per mile of single conductor of a 
three-core cable may be calculated by means of formula (96) of 
Art. 82, Chap. IX, which is correct for the usual frequencies, 
even when the distance {d) between centers of cores is as small 
in comparison with the radius (r) of the conductor as in three- 
core underground cables. 

140, Economical Core Diameter of High-pressure Cables.— 

For a given voltage and constant diameter over the insulation 
of a single-core cable, the^*e is a definite diameter of the core 
which will cause the pciejutial gradient at the conductor surface 
to be a minimum. A sm/dl core will allow of a greater thickness 
of insulation; but on tbe <>ther hand the smaller radius of curva¬ 
ture will tend to increase the stress; while the effect of too large 
a diameter of core is also to cause an increase in the stress through 
reduction of the total thickness of insulation. Formula (86) 
may be written 



and if it is assumed that both Ji and G are constant, the greatest 
maximum permissible voltage E will he obtained when the quan- 

tity r log* J is a maximum, a condition which is satisfied when 

loge(^- y = 1, or = 2.718r. Assuming this ideal requirement to 

be fulfilled, even if the inner core has to be made hollow in order 
to economize conductor material, it follows that 


r 


G 


(173j 


from which an approximate value of economic conductor radius 
can be obtained. This radius will generally (in high-voltage 
cables) be found to be greater than that required to provide 
the necessary cross-section for current-carrying purposes, and 
this accounts for the fact that aluminum may prove to be more 
economical than copper as a conductor in high-tension under¬ 
ground cables. The 30,000-volt cables for the electrification of 
the Dessau-Bitterfeld railway in Germany from the power station 

1 Useful tables will also be found in the chapter on Cable Characteristics 
in WiLUAM Nesbit's ^‘Electrical Characteristics of Transraissiou Circuits,’^ 
Westinghouse Electric and Manufacturing Company. 
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at Muldenstein have cores of stranded aluminum 0.512 in. in diam¬ 
eter (0.157 sq. in. in cross-section) covered with impregnated 
paper of a radial thickness of 0.512 in. The lead sheath is 0.138 in. 
thick and is covered with a layer of jute, the overall diameter 
of the cable being 2.05 in. By formula (86) the maximum gra¬ 
dient is 


G 


30,000 


2.54 X 0.250 log, ( 


0.512 + 0.250\ 
0.250 ) 


= 42,000 volts per centimeter 


If stranded copper had been used (without a hollow, or non- 
metallic core), the diameter of the core of equivalent current- 
carrying capacity would have been about which, with the 

same thickness of insulation, would cause the maximum gradient 
to be about 48,000 volts per centimeter. 



Inner lead tube.0.256 in, bore, or 0.140 in. radial. 

Conductor.24/0.082 in. 

Outer lead sheath.0.05 in. radial. 

Complete diameter.0.80 in. 


Fig. 134. — Specially constructed core for e.h.t. underground cables. 


The application of formula (86) to the calculation of the maxi¬ 
mum potential gradient in cables with stranded wire cores, 
gives only approximate results. The comparatively small radius 
of the individual wires will bring about a concentration of stress 
appreciably greater than what would be indicated by formula 
(86.) One method of providing a smooth cylindrical surface to the 
cable core is to sheath over the stranded copper core with a thin 
wall of lead. Figure 134 shows the complete core (without insula¬ 
tion) of a high-pressure cable as designed by a British cable fac¬ 
tory.^ In this case the calculated economic'^ radius for a 
tnaximum gradient of 50,000 volts (r.m.s.) is 0.8 in., and since the 
conductor is of sufficient carrying capacity when made up of 24 
copper wires 0.082 in. in diameter, these wires are disposed around 
* British patent 20549/14. 
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a hollow lead core of the necessary diameter, as shown in the 
illustration. 

141. Grading of Cable Insulation.- The potential gradient at 
any distance x from the center of a single-core cylindrical cable 
is given by formula (83) of Art. 73, (diap. VI11, as 

r == ^ 

2iTxKk 

Ih.)!* a given voltag(‘ and total capacity of the cable, which 
determine the total dielectric flux Ac it follows that if k is also 
constant, the gradient wili hr\<' a value ii'.versely proportional 
to the distance from 1.u‘ cenler < the core. With a view to 
reducing the outside dir L.,H.er of t cable, ihe value of k should 
change in successive htyf rs of insulation in order to maintain G 
as nearly as possible a1 the maximum permissible value through¬ 
out tlar tJiickness of the insulation. In other words, if k oc \ 

X 

the potential gradient will be constant at all parts of the dielec¬ 
tric. By varying the nature of insulation in adjacent layers, 
a practical appi'oximation to this condition can be obtained, 
esiK'cially with rubber, wdiich can be made in vaiying (jualities 
having markedly different permittivities. It cannot be said, 
however, that the grading of cables by this method, ic., by (con¬ 
trolling the capacilies of succ(\ssive thicknesses of insulation, 
has met with much success in ])ractiee. 

Another method of grading cables, which might be described 
as the conducting-layer method, gives promise of coming to tlu^ 
front as soon as very-high-voltage cables are in greater demand 
than they are at present, dlie principle is somewdiat similar to 
that of the condenser type of insulating bushing, except that the 
intermediate metallic cylinders are all of the same length and the 
potential gradient is controlled by ''anchoring’' the voltage of 
these metallic intershcaths. The term "voltagcj grading” 
might be used to distinguish this method from "capacity grad¬ 
ing.” The insulation is the same throughout the total thickness, 
but being divided into two or more sections by means of metallic 
cylinders, each section can be made to take its proper share of 
the total potential difference by applying a definite voltage from 
an outside source to the intermediate metallic sheaths. Various 
methods of accomplishing the necessary distribution and "anchor¬ 
ing” of potential for both d.canda.c. cables have been patented.^ 

iBiitish patents 27858/08 and 27859/08. 
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The most obvious way of obtaining the required voltage control 
on an a.c. system is to take tappings from the high-voltage side 
of the power transformers for connection to the intermediate 
sheaths. 

Example 33. Design of SingU-pha^e Concentric Extra-high- 
tension Power Cable. —^I.»et the working pressure be 100 kv. (alter¬ 
nating) between the inner and outer conductors. The further 
assumption will be made that the maximum stress must not 
exceed 40 kv. (r.m.s.) per centimeter. This is a low value, and 
50 kv. would probably be permissible; but the lower figure has 
been chosen in order to provide a large factor of safety and keep 
the dielectric loss (and heating) in the neighborhood of its lowest 
practical limit. 

Consider first the case of a cable without either voltage^^ 
or capacity’^ grading. By formula (173) 


r 



152 

40 


2.5 cm. 


If a solid core of stranded cable were used, this would correspond 
to a cross-section of about 2}4 sq. in., which would certainly be 
in excess of the requirements, and a hollow core, constructed as 
shown in Fig. 134, should be adopted. 

Solving for R in formula (86), 


whence 



100 

40 X 2.5 


R 

2.5 


= 2.718, and R = 6.8 cm. 


The dimensions of the cable, in inches, would be approximately: 

Diameter over outer conductor = 5.56 in. 

Diameter over lead sheath = 5.93 in. 

Diameter over armor and jute = 6.6 in. 

Consider now the alternative of intersheath or voltage grading. 
Assuming the total of 100 kv. to be divided into 40 kv. between 
inner conductor and intersheath, and 60 kv. between intersheath 
and outer conductor, the radius of the inner conductor, as calcu¬ 
lated by formula (173), will now be 

40 



391 


transmlssion by underground cables 


1 o calculate the radius over the insulation between the inters 
sheath and the inner conductor, 


whence 



40 _ 
40 X 1 


1 


R = 2.718 cm. 


The radial thickness of the lead intersheath would be about 
0.05 in., or 0.127 cm., whence the outside radius of the inter¬ 
sheath is r' = 2.718 + 0,127 — 2.845 cm. Considering this as 
the core of a cable with kv. ;<r'ros.> the total thickness of insula¬ 
tion, and the same rnaxirmim voltage gradient as before, the 
radius over the insulation is 


whence 


1 

V2.845y 40 X 2.845 


0.527 


R/ 

2.S45 


= 1.695 and R' = 4.82 cm. 


The approximate dimensions of this cable, in inches, would be 
as follows: 

Diameter over outer conductor — 3.93 in. 

Diameter over lead sheath = 4.33 in. 

Diameter over armor and jute — 5.00 in. 


In order to realize the advantage of this method of grading 
large high-voltage cables, these figures should be compared with 
those previously calculated for the cable without voltage grading. 

It will be interesting to calculate the charging currents per 
mile of this cable. Assuming the specific-inductive capacity of 
the paper insulation to be k — 3.3 as given on page 385, the 
capacity per mile between core and intersheath, by formula (170), 

is Cmt. = = 0.295 mf. If the frequency is 25 cycles 

logio 2.718 

per second, the charging cuirent, on the sine-wave assumption, 
will be 

7. = 27r X 25 X 0.295 X 40,000 X 10-« = 1.86 amp. 


Similarly, between the intersheath and the outer conductor, 


0.0388 X 3.3 
log 1.695 


0.56 


7, = 2t X 25 X 0.56 X 60,000 X lO"* 
= 5.3 amp. 


and 
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The difference between these two values of capacity current 
must obviously be carried by the intersheath, and for every mile 
of cable the values of the charging current would be as follows: 

In the core. 1.80 amp. 

In the intersheath. 3.44 amp. 

In the outer conductor. 5.30 amp. 

Thus, if the cable were 10 miles long, the current in the inter¬ 
sheath—if fed from one end only—would be 34.4 amp., which 
might be excessive. This is a point which must not be overlooked 
in the design and installation of intersheath cables.^ 

142. Capacity and Charging Current of Three-core Cables.— 
Mathematical formulas for calculating the electrostatic capacities 
of three-core cables are complicated and not very reliable owing 
to certain assumptions having to be made which are not always 
satisfied in a practical cable. The figures relating to capacities 
of cables, as furnished by cable makers, are, therefore, based on 
test data obtained from the finished cable. 

The capacity between two parallel overhead wires, in micro¬ 
farads per mile, is 

Cmi. (between wires) = (174) 

log' 

and the charging current (r.m.s. value) per mile of cable, on the 
sine-wave assumption, is 

Ic = 2TrfC\nf.E X 10“^’ X L amp. (175) 

where E is the (r.m.s.) voltage between wires, and L the distance 
of transmission in miles, while d and r in formula (174) stand, 
respectively, for the distance between centers of the conductors 
and the radius of the conductor cross-section. 

If three wires occupy the corners of an equilateral triangle, 
the capacity as measured between wires is still given by formula 
(174), and the capacity between wire and neutral will be just 
twice this value, or 

Cmu (to neutral) == 

log^ 

^ The manner in which the intersheath carries a certain portion of the 
capacity current and so relieves the inner layers of the insulation of the 
heating due to this portion of the total charging current is clearly brought 
out in the paper by A. M. TAYiiOa on ^‘Underground Cables, Jour. (British) 
ImU Elec. Eng., voL 61, p. 224, February, 1923. 
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as given by formula (109) Art. 89, Chap. IX. The voltage 

E E 

across this imaginary condenser is now —instead of ^ as 

V 3 ^ 

it would be in the case of a single-phase transmission, and the 
charging current per wire of the three-phase system is, therefore, 


Ic = 27r/ —jrz Cmt. X 10“^ X L amp. 
V3 


(176) 


In this formula, the ca.f)acity Cmt. to neutral is just twice as great 
as the capacity between wires as given by formula (174), whence it 
follows that the charging current per wire of the three-phase 
2 

system is times as great as tl.at of the single-phase system 
V 3 

with the same spacing and line voltage. 

In overhead systems, the capacity to ground is generally 
negligible; but in a cable transmission with or without lead 



I' lG. 135.-r-DiaKramniatic representation of electrostatic capacities in three-core 

cable. 

sheath, the condenser formed by the comparatively small 
thickness of insulation between conductor and ground must be 
reckoned with. Figure 135 is a section through a three-core 
high-tension cable with lead sheath. The capacity of each of the 
imaginary condensers shown in the diagram cannot be measured 
directly; but certain measurements can be made on the finished 
cable, from which the necessary data may be obtained. Let Cne 
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stand for the effective equivalent capacity per conductor to neutral 

E 

for 1 mile of cable. Then, since the voltage to neutral is the 

V3 

charging current per conductor, on the sine-wave assumption, is 


Ic = 2irf Cne X lO"® X L amp. 
V3 


(177) 


if Cn« is expressed in microfarads. 

Two measurements of capacity can readily be made on the 
finished cable: 

a. Between one core (1) and the two remaining cores and the 
lead sheath, all connected together (2, 3, aS). 
h. Between any two cores, as (1) and (2). 

In terms of the imaginary capacities and Cy, of Fig. 135, 


Capacity {a) = C* + 




and 


-j- 

C„ ^ 2C„ 


1 


(,'apacity (6) = „ (C, + C„) 


(178) 


(179) 


There is no constant ratio between wire to wire capacity and the 
wire to sheath capacity; but, generally speaking, the capacity 
(b) is from 58 to 66 per cent of the capacity (a). The most usual 
value is 60 percent, whence, by equating (179) with 0.6 times (178), 
it follows that C, — Cn. 

The standard test for electrostatic capacity is between one core 
and the two remaining cores grounded to the sheath, namely, 
(a) as expressed by formula (178), and since the total capacity 
(Cne) per core to neutral is obviously 

Cne = C. + Cn (180) 

it follows that the approximate ratio of these two capacities is, 


Effective e quivalent capacity, core to neutral (C n.) _ 

Measured capacity, one-core to the remaining cores and sheath (a) 

(1 + 1) X 3 


3 + 2 


= 1.2 


(181) 


The relation between the effective equivalent capacity (C»,), 
conductor to neutral, and the measured capacity (b) between 
any two of the three cores is obtained by substituting for (C, + Cn) 
ijl formula (179) the value given by formula (180), whence 

C„. *2(6) 


(182) 
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The measured capacity (a) for three-core paper-insulated cables 
designed for a working pressure of 10,000 volts will be about 
0.4 mf. per mile for a in. cable, and 0.26 for a ^%.0 5s 

cable. With shaped instead of circular cores, the capacity is 
slightly greater, being from 1.08 to 1.1 times the capacity with 
circular cores of the same cross-section.^ 

Calculation of Capacity of Three^^ore Cables .—Although meas¬ 
ured values of cable capacities are usually obtainable from 
manufacturers, it may be necessary to determine approximately 
the capacity of a cable for a special purpos(^ before it has been 
made. It would seem at first sight from Fig. 135 and from the 
fact that C, is found to I'C approxunately equal to Cn that Cne 
would be obtained by nterely doubling the capacity to neutral as 
calculated by the usual transmission line formulas (see Art. 89, 
Chap. IX). It should be observed, however, that the proximity 
of the sheath will modify the distribution of the electrostatic flux 
between core and core, and the imaginary capacity Cn of Fig. 135 
is not what it would be if the lead sheath were removed and 
replaced by a considerable extra thickness of insulation. 

It is found in practice that the capacity of a three-core cable 
with shaped cores, having the same thickness of insulation 
between core and core as between core and sheath, is about the 
same as the capacity of a single-core cable having the same 
conductor cross-section and the same thickness of insulation 
between core and sheath. On this assumption, formula (170), 
Art. 139, can be used for predetermining the probable capacity 
of a three-core cable. 

The value of R in formula (170) is taken as the radius of the 
conductor plus the thickness of insulation between cores, or 
between core and sheath. If these thicknesses are not exactly 
the same, the mean of the two thicknesses is taken. If the con¬ 
ductor is not circular in cross-section, the dimension r in the for¬ 
mula is the radius of a circular core of the same cross-section as 
the actual conductor. 

As an example, let the equivalent diameter of each core of a 
three-core paper-insulated cable be 0.58 in., with insulation 
between cores 0.38 in, thick, and between core and sheath, 0.30 in. 

1 Values of capacitance and susceptance for three-core paper-insulated 
cables, calculated by the formulas in Auexanuer Russell's ''Alternating 
Currents,’" will be found in Nesbit’s "Electrical Characteristics of Trans¬ 
mission Circuits,” Westinghouse Electric and Manufacturing Company. 
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thick. Assuming the specific inductive capacity of the insulation 
to be 3.3, 

k = 3.3 
r = 0.29 

and 

E = 0.29 + -) = 0.63 

whence, 

r. ^ <>-0388 X 3.3 ^ oc I- M 

( apacity {a) = - ^ 

(o.^) 

The approximate value of the capacity to neutral, for shaped 
cores, will, therefore, be 

r.. = 0.38 X 1.2 = 0.456 
and for cores of circular cross-section, 

Cne = ~ 0.418 mf. per mile 

The results obtained by the above method are approximate 
only, but more accurate methods for predetermining the capaci¬ 
tance and, therefore, the probalde charging current of three-core 
cables are available. Two valuable papers treating of the dielec¬ 
tric field in multiple-core cables have lately been published. The 
first, by D. M, Simons,^ explains the use of the geomeinc factor 
which, in multiple-core cables, corresponds to the quantity 

log which appears in the formulas for single-core cables. 

The second paper, by R. W. Atkinson,“gives results of experiments 
to determine the geometric factor for power cables with both round 
and sector-shaped cores, and to calculate the maximum stress in 
the dielectric of such cables. 

143, Losses in Underground Cables. —In addition to the PR 
losses in the conductors, which can easily be calculated, some loss 
occurs in the dielectric of an underground cable. The ohmic 
resistance of the insulation being very high, the losses, when a 
high-tension cable is used on a continuous-current circuit, are very 
small; but with alternating currents there is a further loss due to 
dielectric hysteresis, which is proportional to the frequency of 
alternation of the electrostatic field. 

1 Trans. AJ.E.E., p. 600, 1023. 

* Trans, A.I.E.E., p. 966, 1924, 
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The total charging current in a cable may be considered as 
made up of two components, one being the true capacity current 
of which the phase is exactly 90 deg. in advance of the impressed 
e.m.f., the other being the energy’’ component in phase with 
the e.m.f. This last component is relatively small, being due to 
what is known as dielectric hysteresis and not to the ohmic resist¬ 
ance of the dielectric, the effect of which is usually negligible. 
The dielectric loss is equal to the product of the voltage and the 
^‘energy” or in-phase component of the charging current. Thus 
Watts lost ~ r.mi. X (barging current X cos ip (183) 
where cos ip sb'vn>Is for tL( powTV far tar of the cable. This will 
usually be about, lor pap^u*insulated power cables, at 

ordinary v/orkmg teuipf ratures; but, with high temperatures, 
it is very much greater. A.> a rough indication of the manner in 
which the power factor therefore the dielectric loss) increases 
with temperature, the following figures may l:>e useful; they refer 
to paper-insulated cables. 

Tc iiipcraturp of Insulation, 


Ponti grade 

Power Fiietor, P(‘r C’eiit 

50 

1.1 to 1.6 

60 

1 2 to 1.8 

70 

1.6 to 2.4 

80 

2 to 3 


As an example of how the lessees in a cable may be calculated, 
the data of the numerical example in Art. 112 may be used. 
The calculated capacity per core to neutral w’^as Cue = 0.418 mf. 
per mile. Assuming the voltage between wires to be 13,200, 
the frequency 50, and the distance of transmission 10 miles, the 
charging current per core, by formula (177), will be 


L 


27r X 50 X 


13,200 X 0.41 8 
V3 


X lO-® X 10 


= 10 amp. 

whence the total dielectric loss is seen to be 


If = 3 X X 10 X 0.012 X 10-’ 

= 2.75 kw. 

2.75 

The appareni power required is, however, ~ kv.-a., 

which is an indication of the size of generator required to keep 
the full voltage on the line when the receiving end is disconnected 
from the load. 
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144. Temperature Rise of Insulated Cables. —The layers of 
insulating material close to the conductors will be hotter than 
those near the surface of the cable; but the difference in tem¬ 
perature between the conductor and the external surface is not 
easily predetermined. It will depend upon the nature and 
thickness of the insulation, and also upon the type of cable, 
whether two- or three-core, or concentric. The difference of 
temperature between the core and the external sheath of a fully 
loaded power cable will usually be between 10 and 25°C.; but the 
actual temperature of the insulation at the hottest parts will be 
determined not only by the rate at which the heat can be con¬ 
ducted from the cores to the surface through the insulation, but 
also by the rate at which it can be radiated or conducted from the 
outside surface of the cable. 

The best conditions for cooling will usually occur with sub¬ 
marine cables; but armored cables buried direct in certain 
kinds of soil are also capable of dissipating large amounts of 
energy. When many cables are laid close together in multiple¬ 
way ducts, it is not possible to consider each cable independently 
of the others, since the temperature of the duct will depend upon 
the total cooling surface and the total amount of energy lost in 
all the cables. The problem of calculating temperature rise 
is thus seen to be a difficult one, and indeed more data must be 
accumulated before reliable empirical formulas will be available. 
Very little can be said here that will be of service to the engineer 
in determining exactly what will be the safe current for a given 
cable laid in a particular manner; but it is important to keep 
the temperature of the insulation within certain limits which 
cannot be exceeded without injuring the cable or leading to a 
greatly increased dielectric loss which aggravates the trouble 
and leads to rapid deterioration of the insulation. This limit 
may be set at about 85®C. for paper-insulated cables. 

Temperatures above 135°C. are likely to char the insulation, 
but any temperature above 100°C. is to be avoided; there is 
always the possibility of expansion, with the formation of voids 
in which vapor may ionize. The allowable working temperature 
is usually calculated by the formula: Temperature in degrees 
Centigrade = 85 — where E stands for the working pressure in 
kilovolts. It has been found that paper-insulated cables are not 
injured by temperatures up to about 100°C. provided the time 
during which the cable works at the extra-high temperature is short, 
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say 1 or 2 hours. It is not safe to operate continuously at 
temperatures above 85^C. In other words, the permissible 
maximum temperature is a function of the load factor. 

For pressures up to 20,000 volts, the dielectric loss in three- 
phase high-grade paper cables is so small as to be negligible; 
and the permissible PR loss in the conductors will depend (1) 
upon the rate at which heat can be conducted through the insula¬ 
tion from the conductor to the outside surface, and (2) upon the 
facilities afforded for the cooling of the outside surface of the cable. 

It is possible to run the current densities in three-core 20,000- 
volt power cables up to 1,000 amp. per square inch in cables of 
0.25-sq. in. core section, and even 1,500 amp. per square inch if 
the core "S not more than 0,1 sq, in. cross-section. It is rarely 
safe to allow the lead sheath to reach a temperature greater than 
but. no hard-and-fast rule can be laid down in this connec¬ 
tion. When the price of copper is high, it is important to load 
cables up to the safe limit. Research work is being carried on 
with a view to furnishing additional information on the heating 
of urderground cables of different types and under different 
conditions of laying. 

A simple case, which admits of calculation without a large 
amount of empirical data, is that of the single-core or concentric 
cable. Thus, if it is desired to calculate the difference in temper¬ 
ature between the core and external sheath of such a cable, the 
procedure would be similar to the method followed in calculat¬ 
ing the ohmic resistance, except that the ^‘heat-conductivity 
of the dielectric would take the place of the electrical conductivity. 

Example 34. Temperature Rise of Insulated Cable ,—Following 
the method outlined in Art. 139 when developing an expression 
for the insulation resistance, consider a lead-covered single-core 
paper-insulated cable of core diameter 2r = 0.9 in, and diameter 
over the insulation of 2R = 1.9 in. The heat conductivity of 
the insulation must be determined experimentally, but it will be 
assumed that it is & = 0.0025. This coefficient may be defined 
as the number of watts that will be conducted through each 
square centimeter of a slab of insulating material 1 cm. thick 
when the difference of temperature is 1°C. 

The cross-section of this conductor will be about 0.5 sq. in., 
the resistance being 0.1 ohm per mile, and if a current density 
of 1,300 amp. per square inch is assumed, the power loss per mite 
will be 0,1 X (650)2 = 42,250 watts. 
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Coniiideii&g a cylinder of the dielectric of thickness dx at a 
radius x from the center of the core, the difference of temperature 
between the two sides of this layer of insulation will be 


dt 


Wdx 

k{2irxl) 


where I is the length in which the loss of W watts occurs (in this 
example I = 161,000 cm.). Thus 


= Jl. 

2itTkj^ X 



42,250 _, flM\ 

* 2jr X 161,000 X 0.0025 ** VO.9/ 
- 12.5°C. 


If the cable were suspended in air, the difference of temperature 
between the lead sheath and the surrounding air could be calcu¬ 
lated by assuming about 0.0012 watt to be radiated from each 
square centimeter of surface per degree Centigrade difference of 
temperature. The outside diameter of this cable—if there is no 
jute or steel armoring over the lead—will be about 2.15 in., and 
the rise in temperature of the lead sheath will, therefore, be 

_ 42,250 _= 12 7° 

r X 2.15 X 2.54 X 161,000 X 0.0012 

The total temperature rise of the copper on this basis is, there¬ 
fore, 12.5 + 12.7 = 25.2°C.; but since the cable is not likely 
to be suspended in air, correction coefficients derived experi¬ 
mentally would have to be applied in order to determine the 
probable temperature rise under practical conditions. A 
further correction would have to be made if the cable is provided 
with an outer covering of jute. 

Similar calculations for multiple-core cables can be made by 
using the experimentally determined geometric faxicrr which was 
referred to in connection with the capacity of three-core cables.^ 

Since the final temperature rise of a cable under given condi¬ 
tions will be very nearly propbrtional to the square of the current, 

^ Refer to paper by D. M. Simons, Trans. p. 608, 192S. 
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and if the temperature rise h is known fcwr a given current /i, 
the value of the constant K can be determined, and the tempera¬ 
ture rise with any other current will be approximately 



The curves of Fig. 136 show not only the final temperature rise 
attained by three-core paper-insulated power cables drawn in 
iron pipes underground, but also the time required to bring about 
any particular rise in temperature. The vertical scale indicates 
degrees Fahrenheit above an iuitial temperature of 57® while 
the horizontal scakj givefe ithe hours during which the current has 
been on the cable. T he cross-section of each core of this cable 
is 0.25 sq. in., and the tests were made with current densities 



Fig. 136.—Temperature rise of 33 kv. 0.25 sq. in. three-phase, paper insulated, 
lead-covered cables in iron pipes laid 12 in. apart 3 ft. below ground surface. 


of 1,000 and 1,200 amp. per square inch; the frequency of the 
supply being 50. The value of the constant K in the expression 
P = Kt as calculated for I ~ 250 amp. is 1,330, whence the cal¬ 
culated temperature rise for 300 amp. is which is somewhat 

higher than the observed rise of 02® as one would expect it to be. 

No appreciable rise of temperature was observed with the full 
working voltage on the cable without load. In other words, 
the dielectric losses were not of such magnitude as to add appre¬ 
ciably to the heating caused by the PR losses in the conductors. 

146. Reliability of Cable Systems. Joints. Electroiyds.— 
Apart from mechanical injury, which must be guarded against 
by giving attention to the method of laying and to the handling 
of the cables during their installation, trouble can usually be 
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traced (1) to poor joints, (2) to general or local overheating, and 
3) to electrolysis. • i 

^Joints .—Even when the trouble is caused by overheating 
rather than initial weakness of insulation, this frequently occurs 
in the neighborhood of poorly made joints. A considerable 
amount of skill is necessary in making satisfactory joints on high- 
tension underground cables,^ and the difficulty experienced in 
obtaining skilled aiid reliable workmeri has led to the developnient 
cf designs employing special insulating spacers and accurately 
made metal sleeves or bridge pioces, which depend less upon the 
skill and experience of the jointer than the older methods involv¬ 
ing paper or tape wrappings. 

Careful bonding of the lead sheath is also a matter of consider¬ 
able importance if electrol 3 rtic troubles are to be avoided, and 
this is provided for in the design illustrated by Fig. 137^ which 
shows a joint box^ for 33,000-volt three-core cables. The special 
jointing ferrules are designed with curved surfaces so shaped as to 
avoid concentration of stress, and thoroughly vitrified unglazed 
porcelain spacers are used between the cables in order to eliminate 
wrappings of tape or paper. The cast lead sleeve forming the 
bond between the lead sheathings is made in three parts to facili¬ 
tate assembly. A high grade of insulating compound is poured 
inside the lead sleeve forming the bond between the lead sheathings, 
while bitumen may be used in the space between the lead and the 
outer case of cast iron. 

An interesting article on high-tension cable joints appeared in 
the Electrical World (vol. 85, p. 1313), June 20, 1925. Figures 
138 and 139 are reproduced, by permission, from this article. The 
former shows a joint of British design (W. T. Henley^s Telegraph 
Works Company, Ltd.) for 35,000-volt three-phase cables installed 
in Chicago. Figure 139 is a joint of Italian design (Society Itali- 
ana Pirelli) for single conductors used on 46,000-volt three-phase 
system in New York. 

An illustrated description by H. L. Wallan of the joints used 
by the Cleveland Electric Illuminating Company on their 
66,000-volt, three-phase underground transmission, using single¬ 
core cables, will be found in the Electrical World of Nov. 24, 1923. 
A large number of these joints have now been in use for over 2 
years. 

^ Design of W. T. Glover and Company, Manchester, England. 
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Overheating .—Apart from the damage done to the insulation 
by very high temperatures, it is generally true that the dielectric 
loss increases with the temperature, and this is especially notice¬ 



able with paper-insulated cables. It is nevertheless important 
to operate underground cables at a reasonably high current 
density ! otherwise the interest on capital 'expenditure will be 
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greatly in excess of the annual cost of the losses, and the system 
will be economically unsatisfactory. The engineer is, therefore, 
faced with a problem of considerable magnitude if underground 
transmission is to be adopted on a larger scale than at present. 
General or local overheating of cables is perhaps the chief cause 
of service interruptions on underground systems; yet a liberal 
cross-section of conductor can hardly be considered as the proper 
solution of the problem. Attention to all the causes that may 
lead to local overheating Is very important; but the matter is not 
one that lends itself to lengthy discussion in these pages. 

Electrolysis .—C hemical actifn, unassisted by electric currents, 
very rarely injures the Ima sheath of underground cables; but 
electrolytic conosion of the lead covering, resulting in per¬ 
forations and damage to the insulation by the admission of 
moisture, is not uncommon. An underground cable laid within 
a few feet of an electric railway or car line, is liable to electrolysis; 
but in countries, such as liingland, where rules governing the 
maximum permissible potential difference between current- 
carrying rails and ground are rigidly enforced, trouble due to this 
cause is very rare. Perfect bonding of the lead sheath and 
also of the steel armoring, if provided, will be helpful in prevent¬ 
ing troubk; which otherwise might be experienced. 

Leakage of current from the cables themselves, due t ;0 careless 
work and inefficient sealing at points where connections are 
made is another cause of electrolytic corrosion in underground 
distributing systems. 

Electi-olysis of lead and iron buried in the ground is usually 
caused by stray currents from electrically operated railroads or 
street-car lines which use continuous currents. The effects of 
alternating currents of frequencies between 15 and 60 cycles is 
practically negligible, being least with the highest frequency. 

The actual amount of metal carried away from the surface 
of the anode (usually lead or iron) will depend not only upon the 
surface exposed and the density of the stray currents which 
cause the corrosion; but also on the nature of the soil a^tid whether 
it is usually moist or dry. A continuous flow of 1 amp. from the 
lead sheathing of an underground cable will, in the course of a year, 
remove about 74 lb, of lead which will be carried away in the 
form of salts in solution. 

The reader who desires to investigate more fully the subject 
of electrolytic corrosion is referred to the important contribution 
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by McCollum and Ahlborn.’ Their paper includes references 
to the work of previous investigators and brings out very clearly 
the importance of reversing the direction of the currents through 
the ground, even if the period of such reversal is measurable 
in hours or days. The shifting of loads on electric railway 
systems in cities usually produces large areas, called neutral 
zones, where the polarity of underground pipes reverses at more 
or less frequent intervals. Even when such intervals of reversal 
range from several minutes to 1 or 2 hours, the corrosion due to 
electrolysis is found to be less than would be expected if attrib¬ 
uted to the average amount of current discharged from the pipes 
into the earth. It would seem as if the reversal of current actu¬ 
ally causes metal to be redeposited on the corroded portions, 
even after the pipes have acted as anodes during a considerable 
lapse of time. The redeposited metal will probably have little 
effect in strengthening the pipe mechanically; but it will serve 
as an anode surface during the succeeding period of current dis¬ 
charge, and thus protect the uncorroded metal beneath, which 
otherwise would have been attacked. This action, due to com¬ 
paratively slow rcverals of current, will be interfered with by 
circulation of the electrolyte, and the action of air (oxygen and 
carbon dioxide) on the corroded metal. 

Attempts to reduce the effects of electrolysis by means of 
insulating wrappings, varnishes, etc. on the outside of the lead 
sheath have not been successful; indeed there is always the possi¬ 
bility that when a discharge of current does occur, this will be 
localized, with the result that failure at some particular point 
may occur sooner than if the leakage had been distributed over 
a larger area of the lead covering. A commonly adopted means 
of mitigating the effects of electrolysis consists in providing 
metallic connections known as drainage cables or bonds from a 
number of points on the lead sheathing of the power cable to the 
return rail or negative bus of the street railway or other system 
which is the cause of the trouble. 

1 McCoiiLXTM, B., and Ahlborn, G. H., ^‘Influence of Frequency of 
Alternating or Infrequently Reversed Current on Electrolytic Corrosion, 
Technological Paper 72, Bureau of Standards, Washington. 
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Costs, (liefer to subject or item.) 
Critical temperature (sag-temper¬ 
ature calculations), 135 
voltage (corona), 308, 310 
^ross-arms, 140, 143 

D 

Deflection. (See Sag; Poles; 
Towers.) 

Depreciation, 66, 68, 60 
Dielectric constant, 197, 386 
flux, 196 
strength, 197 

Direct-current transmission, 7, 351 
Disruptive critical voltage, 308, 310 
gradient, 197, 207 
Dubilier condensers, 326 

E 

Earth as return conductor, 359 
Earthing. (See Grounding.) 
Economic considerations, 4, 6, 35, 
36, 69 

IR drop, 50, 64 
length of span, 168 
size of conductor, 47, 48, 53 
transmission voltage, 52, 67, 61 
Efficiency of transmission line, 7, 22 
Elastance, 200, 204 
Elastic limit of conductor materials, 
74, 77, 80 

modulus, 78, 79, 118 
Electric stress (potential gradient), 
198, 202, 204, 308 
Electrolysis, 402, 405 
Energy losses. (See Losses.) 

stored in electrostatic and mag¬ 
netic fields, 314 
Equivalent span, 137 
spacing of conductors, 30, 250 

F 

Factors of safety. (5>ee Safety fac¬ 
tors.) 

Farad, 1^ 

Farm lines, 31 
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Faults, detection of, 345 
Flash-over voltage, 200, 207, 213, 
215, 220, 309 

Flexible steel towers, 164, 170 
Flux, dielectric, 196, 199 
magnetic, surrounding overhead 
conductor, 240, 249, 254 
Footings (foundations) for steel 
towers, 182, 183 
cost of, 42 

Jour-wire three-phase system, 32 
Frequency, usual, 14 

a 

Garton-Daniels lightning arrester, 
337 

Glass insuKYtors, 194 
^irounding, methods of, 330 
y neutral point 35, 322, 331 
^uard wires, 105, 320 
Guying steel t()wers, 189 
wor)d poles, 1^4 

H 

Hewlett suspension insulator, 215 
^orn-gap lightning arrester, 328 
Hydro-electric generating stations, 
cost of, 58 

Hyperbolic functions of complex 
quantities, 290 

I 

Ice and snow, effects of, on wires, 4, 
106, 107 

and wind (loading factor), 133 
Impedance, fictitious, of long lines, 
304 

surge, 290, 315, 318 
Inductance of transmission lines, 8, 
239, 247, 250 
(iron wire), 245 
Inferred absolute zero, 235 
Insulating bushings, 203 
Insulation of transmission line 
(A. C, and D. C. compared), 358 
Insulator pins, 213 


Insulators, line, 194 
cost of, 42 
design of, 195, 203 
electrostatic capacity of, 195, 
217 

factors of safety, 229 
faulty, locating, 230 
flash-over voltages, 215, 230 
glass, 194 

manufpcture of, 227 
mechanical strength of, 34, 214, 
222, 228 
pin type, 209 
tcr^ting, 229 
lies for, 82 
weight of, 173, 214 
suspension type, 213 

electrostatic capacity of, 
217 

grading, 222, 225 
strength of, 214, 222, 228 
weight of, 214 

Interconnection of generating sta¬ 
tions, 2, 16 

Intersheath (Insulated cables), 
377, 390 , 

Iron for overhead conductors, 74, 
j 77, 244 

/skin effect), 74, 245 

J 

Jeffery-Dewitt suspension insulator, 
215 

Joints in insulated cables, 402 
?in overhead conductors, 82 N 

K 

Kelvin’s law, 49 

L 

Leakage distance over surfaces, 207 

Life of. (Refer to subject or item.) 

tightning arresters, 328 
aluminum cell, 338 
autovalve, 337 
Carton-Daniels, 337 
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-il^htning arresters, horn gap, 328 
multiple gap, 330 
oxide film, 339 

resistance in ground connection, 
330 

spacing between, 319, 331 
protection (general), 318, 323, 
341 

Load factor, 47 

Loading factor for wires (eur>^es), 
113, 114 

calculation of, 115, 133 
^overhead wires, 110, 112 
J^»fees in transmission lines, fi, 12, 
^ 54, 63, 295, 300 

M 

Malone anchor, 188 
Masts, steel. (See Poles.) 
Meirowsky condenser, 326 
Modulus of elasticity, 78, 79, 118, 
183 

Mosciki condenser, 326 
Motor, synchronous for power fac¬ 
tor correction, 278 
Multiple gap lightning arrester, 330 

N 

Natural impedance, 315 
Neutral point, grounding of, 15, 322, 
331 

O 

Opening, wall, to admit h.t. w’ires, 
208 

Overhead transmission. (See Trans¬ 
mission.) 

Oxide film lightning arrester, 339 
P 

Permittance, 196, 257 
in terms of inductance, 259 
of insulated cables, 385, 392 
Permittivity (Dielectric constant), 
197, 3^ 


Pgtersen coil, 331 
'fnn type insulators, 209 
Pins, insulator, 213 
Pole lines, wood, 139, 140 
cost of, 44 
Poles, concrete, 156 
steel, 161, 166 

wood, and type, 142, 
151 

cost of, 42 
deflection of, 151 
elasticity of, 147 
guying, 154 
holes for, 153 
life of, 144 

load on, at cornc^rs, 154 
preservative treatment of, 144 
spacing of. (See Span.) 

at corners, 153 
strength of, 147 
weight of, 146 
Potential gradient, 198, 202 

(concentric (cylinders), 204, 205 
(surface of wires), 308 
Potheads (Cable terminals), 382 
Power factor, 12, 22 
causes of low, 277 
control of, 38, 67, 276 
effect of, on losses, 67, 68 
of several circuits in parallel, 
269 

Power losses. (See Losses.) 
Preliminary work; planning new 
lines, 4, 37 

Pressure. (See also Voltage.) 
at intermediate points on trans¬ 
mission line, 255 
barometric, 309 
control, 274, 279 

drop in overhead lines, 10, 22, 246, 
252 

economic, 50 
reactive, 242, 244 
rise on long lines, 272 
wind, on wires, 108, 115 
Pressures, transmission line, usual, 
15, 31 

Propagation constant (defined), 290 
Props or struts (wood), 156 
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R 

Reactance. (Refer also to Induc¬ 
tance.) 

in ground connection, 332 
of insulated cables, 386 
of overhead conductors, 19, 75, 
243, 259 

Reactive factor (sin ^), 27, 28 
Rea(;tors, synchronous, 278, 285 
Regulation, voltage, 21, 24, 51 
inherent, 246, 25i, 272 

compiired with Hrup <i pr(;s- 
sure, 27] 

Resistance in ground connection, 
329 

of cable insulatiu' 386 
of onduetoi materials; . 7, 81, 234 
of the earth as a return conductor, 
359 

tables, 77, 81 

Koof bushings or outlets, 203, 207 
Rotary converters, 278, 285 


8 


Safety factors, line insulators, 229 
tower foundations, 1S5 
towers, 178 
wires, 81, 111 
wood poles, 111 

Sag (deflection) of overhead wires, 
83, 95 

-tension calculations, 84, 87, 93, 
100 


-tension-temperature calculations, 
117, 123, 127, 129 
Se^/ice, continuity of, 5, 345 
gle-phase transmission, 8, 23 
kin effect, 9, 74, 236, 245, 343 
Slenderness ratio (steel columns), 
178 


Smith, Prof. H. B., design of insula¬ 
tor, 216 

Snow on wires. (See Ice.) 

Spacing, equivalent, of conductors, 
30, 250 

of overhead conductors, 31, 231, 
247 


Span, length of, 14, 31, 39, 140, 163, 
168 

at corners, 153 
economic, 168 
equivalent, 137 
greatest possible, 103 
Spans, extra long, 95, 102 
unequal, effect of, on tension, 135 
Specific inductive capacity (dielec¬ 
tric constant), 197, 385 
Stability of transmission systems, 

353 

Sjatic charges on overhead lines, 321 
shields on suspension insulators, 
225 

Steel-cored conductors, 76, 78, 80, 
124 

Stee'l towers. (See Poles; Towers.) 
Struts, wood, 156 
Submarine cables, 373 
Substations, 16 

Supports for overhead wires, 39, 139. 
(See also Poles, Towers.) 
at different elevations, 90 
determining position of, 191 
Surface leakage, 201, 207 
Surge admittance (definition), 298 
impedance, 290, 315, 318 
Surges, high-frequency, protection 
against, 323 

Susccptance, shunted capacity, 287 
Swinging of wires in high wind. 111 
Switching operations, disturbances 
due to, 316, 319 

Synchronous condensers, 278, 285 
T 

Telephone lines, protection of, from 
inductive effects, 346 
Temperature coefficient of expan¬ 
sion, 77, 80 
of resistance, 234 
“critical,” 135 

effect of on sag, 117, 123, 127, 129 
Tension in relation to sag, 84, 87, 93, 
7^100, 135 

S^fee-phase systems, 10, 28, 32 
Thury system of d.c. transmission, 

354 
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^lincf^ 16 

Ties on insulators, S2 
Tower foundations, 182, 183 
cost of, 42 

Towers, determining position of, 191 
steel, 184, 168 
cost of, 41 
design of, 175, 179 
factor of safety, 173, 178 
dexible, 164, 170 
guying of, 189 
height of, 40, 41 
life of, 130 

loads to be carried by, 172 
stiffness of, 183 

stresses in compression mem- 
bers of, 176, 181 
weight of, 41 
wind pressure on, 173 
wood, 143 

Transient phenomena, 312 
Transmission by alternating cur¬ 
rents, 9, 10, 28, 32, 351 
constant voltage, 279, 303 
continuous currents, 7, 351 
lines, calculations for long, 265, 
286, 292 
cost of, 43 
efficiency of, 7, 22 
inductance of, 8, 239, 245, 247, 
250 

layout of, 190 

losses in, 6, 12, 54, 63, 295, 300 
voltage regulation of, 21, 24, 54, 
246, 251, 272 
single-phase, 8, 23 
three-phase system of, 10, 28, 32 
Transposing conductors, effect of, 
249 

Transverter, 368 

Trigonometric functions of angles, 
28 

Tubes for tower members, 178 
Two-phase transmission, 9 


U 

Underground cables. {See Cables.) 

V 

Vibration, mechanical, of overhead 
wires, 83 

Visual critical voltage (corona), 309 
Voltage. {See also Pressure.) 
abnormal on overhead lines, 312 
ad\^ntage of high transmission, 
1,6 

economic transmission, 62, 57, 61 
spark-over, between wires, 309 
usual transmission, 15, 31 

W 

Wall outlets, 204, 209 
Water power generating stations, 
cost of, 58 

Wind pressure on wires, 108,112,115 
velocity, 109, 126 
Wire, length of, in span, 100, 117 
Wires. {See also. Cables, Conduc¬ 
tors.) 

factors of safety, 81, 111 
grounded guard, 165, 320 
guy, 154 

loading factor, 112, 115, 133 
load to be carried by (usual 
assumptions), 110 
swinging of, in high wind, 111 
vibrations in, 83 
weight of, 77, 80, 81 
Wire table,,81 
Wood poles. {See Poles.) 

Y 

Young's modulus of elasticity, 78, 
79, 118 

Z 

Zinc for overhead conductors, 244 









